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Probleemstelling 

In  verband  met  bescherming  van  burgers  en 
militairen  en  voor  versterking  van  de  Biolo- 
gische  Wapen  Conventie  (1972)  is  detectie  en 
identificatie  van  biologische  strijdmiddelen 
gewenst.  In  het  algemeen  kunnen  detectie  en 
identificatie  van  biologische  strijdmiddelen, 
typische  micro-organismen  zoals  bacterien  en 
virussen,  worden  uitgevoerd  met  biologische 
of  chemische  analysemethoden.  De  meest 
gangbare  biologische  methoden,  veelal 
ontwikkeld  voor  geneeskundige  toepassing, 
zijn  bewerkelijk  en  vergen  veel  tijd.  De 
ontwikkeling  van  chemische  methoden  staat 
nog  in  de  kinderschoenen.  De  chemische 
analysemethoden  kunnen  in  principe  snel  en 
met  relatief  weinig  werk  worden  ingezet,  mits 
die  methoden  goed  ontwikkeld  zijn. 

TNO  Prins  Maurits  Laboratorium  (TNO- 
PML)  werkt  samen  met  de  Technische  Uni- 
versiteit  Delft  (TU-Delft)  aan  de  ontwikkeling 
van  een  detectiesysteem  voor  micro- 
organismen  in  lucht  (‘bio-aerosolen’).  Dit 
systeem  is  gebaseerd  op  chemische  analyse, 
onder  andere  door  massaspectrometrie  van 
bacterien.  Vanuit  deze  achtergrond  werd  een 
studie  gemaakt  van  het  werk  dat  reeds  door 
anderen  was  gedaan  aan  massaspectrometrie 
van  bacterien. 

Beschrijving  van  de  werkzaamheden 

Van  eerder  werk  op  het  gebied  van  massa¬ 
spectrometrie  van  bacterien  werd  een  over- 
zicht  met  kritische  beschouwing  samengesteld 
aan  de  hand  van  literatuuronderzoek. 


Resultaten  en  conclusies 

Bij  de  resultaten  van  literatuurstudie  is  onder- 
scheid  gemaakt  naar  massaspectrometrische 
analysemethoden. 

Het  blijkt  mogelijk  bacterien  te  herkennen  aan 
massaspectra,  door  de  aanwezigheid  van 
specifieke  verbindingen.  A1  naar  gelang  de 
toegepaste  methoden  kijkt  men  naar  signalen 
van  intacte  en  behandelde  bacterien  (‘lysaten’) 
of  van  gescheiden  verbindingen  (bijvoorbeeld 
eiwitten). 

Er  heerst  nog  onduidelijkheid  over  de  effecten 
van  voeding  op  de  aan-  of  afwezigheid  van  de 
gebruikte  signalen.  Verder  weet  men  nog  te 
weinig  over  de  precieze  verbindingen  die 
verantwoordelijk  zijn  voor  de  waargenomen 
signalen.  Desalniettemin  is  de  massa¬ 
spectrometrie  een  veelbelovende  techniek  voor 
de  detectie  en  identificatie  van  bacterien. 

Toepasbaarheid 

De  resultaten  van  het  onderzoek  zullen  ge- 
bruikt  worden  bij  de  verdere  ontwikkeling  van 
het  bio-aerosoldetectiesysteem. 

Vervolgonderzoek 

Vervolgonderzoek  dient  zich  te  richten  op  de 
praktische  analyse  van  bacterien.  Daarbij  moet 
aandacht  worden  besteed  aan  de  analyse  van 
specifieke  verbindingen  en  aan  de  effecten  van 
voedingsstoffen  op  de  waargenomen  signalen. 
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1  Introduction 


1.1  General  introduction 

Until  the  early  1980’s  mass  spectrometry  (MS)  was  applied  mainly  in  the  field  of 
organic  chemistry.  Information  from  mass  spectra  typically  encompassed  molecu¬ 
lar  weight,  molecular  structure,  and  element  composition  of  compounds.  Analysis 
of  compounds  from  biological  origin  was  severely  restricted  by  their  thermolability 
and  limited  volatility,  because  both  properties  were  incompatible  with  ionisation 
methods  used  at  that  time.  The  mass  spectrometric  analysis  of  biological  materials 
was  conducted  through  MS  of  vapours  generated  by  pyrolysis  of  sample  material. 
In  addition,  derivatisation  was  widely  used  to  make  particular  compounds,  e.g. 
fatty  acids,  amenable  to  MS  analysis.  However,  general  bioanalytical  MS  remained 
underdeveloped.  Since  that  time,  the  field  of  MS  has  been  revolutionised  by  the 
introduction  of  various  new  ionisation  methods. 

With  the  advent  of  particle  bombardment  ionisation  methods,  the  field  of  bioanaly¬ 
sis  opened  up.  Particularly  plasma  desorption  (PD;  [1,  2,  3]),  fast  atom  bombard¬ 
ment  (FAB;  [4])  and  its  fast  ion  bombardment  analogue  (liquid  secondary  ion  mass 
spectrometry,  LSIMS)  were  employed  to  ionise  compounds  of  biological  origin 
and  bring  them  into  the  gas  phase.  The  scope  of  MS  analysis  was  extended  to 
peptides,  polysaccharides  and  (oligo)nucleotides.  Pioneering  work  in  the  analysis 
of  lipids  and  fatty  acids  and  endotoxin  from  whole  cells  or  cell  lysates  with  FAB, 
PDMS  and  laser  desorption  ionisation  (LDI)  was  presented  from  the  1980’s  on 
[5,  6, 7,  8,  9],  The  development  of  bioanalytical  mass  spectrometry  was  further 
boosted  by  the  interfacing  of  mass  spectrometers  to  column  liquid  separation 
technology,  especially  by  the  combination  of  ES  MS  with  liquid  chromatography 
(LC)  or  capillary  electrophoresis  (CE).  The  subsequent  introduction  of  matrix- 
assisted  LDI  (MALDI)  provided  further  capabilities  in  analysing  compounds 
hitherto  not  amenable  to  MS.  With  these  advances,  the  sequencing  of  proteins,  for 
example,  has  come  to  be  a  typical  routine  MS  analysis  [10, 11].  The  potential  of 
applying  MS  in  analyses  of  progressive  complexity,  to  the  level  of  analysis  of 
whole  organisms,  is  clearly  demonstrated  by  the  analysis  of  viruses,  a  subject 
recently  reviewed  by  Siuzdak  [12].  In  the  on-going  development,  efforts  have  been 
directed  most  recently  towards  direct  MS  of  complicated  systems  like  whole  bacte¬ 
ria  and  single  cells. 


1.2  Scope 

The  MS  characterisation  of  bacteria  provides  an  interesting  possibility  for  the  study 
of  various  environmental  problems.  Rapid  distinction  of  pathogenic  and  non- 
pathogenic  species  is  important  in  occupational  and  health  care,  in  defence  against 


TNO  report 


PML  1 999-A83 


6 


biological  warfare  (BW)  agents  and  in  environmental  monitoring.  This  review 
gives  an  overview  of  the  current  possibilities  of  MS  characterisation  of  bacteria 
with  limitations  posed  by  MS  instrumentation  and  by  the  materials  analysed.  The 
scope  of  the  review  will  be  limited  to  the  use  of  ES  MS  and  MALDI  MS.  Charac¬ 
terisation  of  bacteria  by  pyrolysis  MS  is  not  discussed  here,  but  the  reader  is  re¬ 
ferred  to  recent  publications  on  this  subject  [13, 14, 15, 16].  Characterisation  by 
FAB  MS  of  lipids  is  not  discussed  either;  an  excellent  overview  of  this  subject  is 
already  available  [17].  In  addition,  related  methods  for  the  identification  of  fatty 
acids  from  bacterial  lipids,  either  directly,  by  FAB  MS  (e.g.  [5]),  or  after  derivati- 
sation  to  the  methyl  esters,  by  gas  chromatography  (GC)  MS  (see  for  example 
[18]),  are  not  considered.  Also,  broad  studies  on  highly  specific  compounds  not 
explicitly  used  for  typing,  e.g.  lipo-chitin  oligosaccharides  from  Rhizobii  [19],  are 
not  considered  here.  Literature  on  the  subjects  considered  was  covered  until  May 
1999;  an  overview  is  given  in  Table  1  (Annex  B). 

A  brief  introduction  is  given  on  ES  and  MALDI  MS  methods,  in  order  to  outline 
general  possibilities  and  limitations  of  these  methods.  The  analysis  of  complex 
mixtures  obtained  from  bacteria  is  considered  next,  focusing  on  the  compounds 
most  widely  used  for  characterisation:  lipids,  lipooligo-  and  lipopolysaccharides 
(LOS/LPS),  proteins,  plasmid  DNA,  polymerase  chain  reaction  (PCR)  products  of 
isolated  genomic  DNA  and  of  other  specific  compounds.  As  far  as  chromato¬ 
graphic  (including  electrophoretic)  sample  treatment  is  concerned  in  the  analysis  of 
these  compound  mixtures,  attention  will  be  limited  to  on-line  methods  with  the 
potential  of  bacteria  characterisation.  In  contrast,  isolation  and  characterisation  of 
single  compounds  by  MS  methods  are  not  discussed,  because  the  characterisation 
potential  of  the  information  obtained  is  low.  Next,  discussion  focuses  on  the  analy¬ 
sis  of  single  bacteria  and  of  bacteria  lysates  without  specific  identification  of 
compounds.  This  approach  provides  the  most  rapid  means  of  characterisation,  and 
some  attention  will  be  given  to  the  information  accessible  from  the  mass  spectra 
thus  obtained.  The  review  concludes  with  an  outlook  on  future  developments. 


1.3  Mass  spectrometry  methods 

Mass  spectrometry  was  invented  around  the  beginning  of  the  twentieth  century,  but 
only  after  the  Second  World  War  was  it  developed  for  the  analysis  of  organic 
chemicals.  Although  technology  has  been  revolutionised,  since,  all  mass  spectro- 
metric  methods  in  use  today  can  still  be  represented  by  the  scheme  applying  to  the 
first  mass  spectrometer. 


Ion 

Source 


Mass 

Analyzer 


Detector 


Data  system 


Scheme  1. 
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Essentially,  recording  of  a  mass  spectrum  proceeds  through  three  steps:  analytes 
are  ionised,  analyte  ions  are  mass  separated  and  then  detected.  Compounds  of 
biological  interest  are  amenable  to  ion  sources  which  generate  ions  through  spray¬ 
ing,  as  in  ES,  or  through  particle  bombardment  of  sample  deposited  on  a  target,  as 
in  MALDI.  ES  and  MALDI  will  be  discussed  below,  because  they  are  presently  the 
most  relevant  ionisation  methods  within  the  context  of  bioanalytical  MS. 

The  limit  of  detection  (LOD)  of  a  single  compound  is  commonly  determined  by 
performing  experiments  on  a  dilution  series.  Measurement  of  the  same  compound 
in  a  mixture  may  either  suppress  or  enhance  ionisation  and,  therefore,  the  single 
compound  LOD  cannot  be  translated  to  a  general  LOD.  The  LOD  is  strongly 
dependent  on  the  type  of  compound  and  a  comparison  can  only  be  made  for  classes 
of  compounds;  here,  peptides,  proteins  and  DNA  will  be  referred  to.  In  ES  MS,  the 
LOD  of  peptides  and  proteins,  with  positive  ion  detection,  lies  in  the  low  picomole 
range,  whereas  the  LOD  of  DNA,  with  negative  ion  detection,  typically  lies  in  the 
picomole  range.  In  MALDI  MS,  the  LOD  of  peptides  lies  in  the  low  femtomole 
range,  with  occasional  reports  of  an  LOD  in  the  attomole  range  (10-18  mole,  on- 
target).  The  LOD  for  protein  MALDI  lies  in  the  low  femtomole  range,  whereas  the 
LOD  of  DNA  lies  in  the  low  picomole  range,  provided  that  sample  preparation  is 
done  with  sufficient  care.  In  general,  these  LOD  values  are  sufficiently  low  to 
allow  successful  investigations  of  biological  materials,  although  lower  limits  of 
detection  remain  ever  desirable. 

1.3.1  Electrospray 

Electrospray  (ES)  was  introduced  as  an  ionisation  method  in  MS  in  the  mid  1980’s, 
by  Fenn  and  co-workers  [20,  21,  22],  although  the  ES  process  had  already  been 
experimentally  studied  as  early  as  1917  [23].  In  all  forms  of  ES  MS  a  solution  of 
analytes  is  nebulised  through  a  capillary  into  a  high  voltage  electric  field  region 
(typically  at  2-4  kV;  see  Figure  1).  The  nebulisation  capillary  may  have  a  coaxial 
flow  of  gas  (‘ionspray’  [24])  or  may  be  miniaturised  for  better  spray  performance 
and  lower  sample  consumption:  micro-ES  [25]  and  nanospray  [26,  27].  Nebulisa¬ 
tion  takes  place  at  atmospheric  pressure  and,  therefore,  ES  ionisation  requires  the 
use  of  an  atmospheric  pressure  ionisation  (API)  type  mass  spectrometer. 


TNO  report 


PML  1 999-A83 


Figure  1:  Simplified  scheme  of  an  electrospray  LC-MS  interface;  CV  =  cone  voltage, 

HV  =  high  voltage,  C  =  cone,  S  =  (capillary)  spray  needle,  M  =  (quad- 
rupole)  mass  separation  system;  open  arrows  indicate  curtain  gas  flow. 

The  spraying  process  initially  generates  small,  highly  charged  droplets,  which 
disintegrate  into  smaller,  charged  droplets  during  the  flight.  Solvent  evaporation 
and  droplet  fission  are  aided  by  collision  with  air  molecules.  Upon  arrival  at  the 
mass  analyser  system,  the  droplets  have  fully  evaporated.  The  excess  charge, 
initially  present  on  the  droplets,  is  now  (partly)  left  on  the  molecules  originally 
dissolved  in  the  sprayed  liquid.  Although  there  is  some  theoretical  debate  as  to 
whether  droplets  produce  ions  through  subsequent  evaporation  and  fission  steps 
[28]  or  through  ejection  of  ions  from  the  highly  charged  droplet  surface  [29], 
practice  shows  that  ions  from  various  biomolecules  are  readily  obtained.  For  ex¬ 
ample,  reviews  have  appeared  covering  ES  MS  of  peptides,  proteins  [10,  30], 
nucleotides  and  oligonucleotides  [31,  32]  and  carbohydrates  [33].  ES  is  quite 
effective  in  ionising  biomolecules,  because  a  solvent  aided  transfer  to  the  gas  phase 
imparts  negligible  internal  energy  on  these  molecules;  thus,  involatility  and  frag¬ 
mentation  through  thermolability  are  only  rarely  an  issue  in  ES  MS. 
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Figure  2:  A)  positive  ion  ES  mass  spectrum  of  cholera  toxin  (from  Vibrio  cholerae,  classical  strain  569B), 

showing  the  charge  state  envelopes  of  A-  and  B-chain  (in  labels:  A/B  corresponds  to  chain,  number 
corresponds  to  number  of  protons),  and  B)  same  spectrum  in  its  deconvoluted  form  (measured  MWav 
shown;  calculated:  27210  and  11605  Da  for  A-  and  B-chain,  respectively);  conditions:  3.8  kV  positive 
ion  ES,  with  eluent  H 20/MeCN,  1:1  (v:v)  +  0.2%  formic  acid  (data  obtained  in  our  laboratory). 
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ES  mass  spectra  can  generally  be  obtained  by  positive  ion  or  negative  ion  detec¬ 
tion.  The  mode  of  detection  is  chosen  to  suit  particular  classes  of  compounds 
studied.  As  a  rule  of  thumb,  an  acid,  e.g.  an  oligonucleotide,  is  detected  as  the 
deprotonated  base  (negative  ions),  whereas  a  base,  e.g.  a  peptide,  is  detected  as  the 
protonated  molecule  (positive  ions).  Although  ES  spectra  obtained  under  different 
conditions  or  on  different  mass  spectrometers  are  hardly  ever  identical,  spectra  of 
biomolecules  have  the  common  feature  of  a  charge  state  envelope. 


N29 


Figure  3.  Negative  ion  ES  mass  spectrum  of  a  DNA  oligonucleotide  (A;  synthesised;  nt 
1-60,  ofN.  cholerae  569B,  ctx  operon,  5 ’-ATGGTA ...AATGAT-3 '),  showing 
the  charge  state  envelope,  and  corresponding  deconvoluted  spectrum  (B; 
measured  MWav  shown;  calculated:  18452.1  Da);  conditions:  3  kV  negative 
ion  ES,  with  eluent  H20/MeCN,  1:1  (v:v)  +  0.05%  piperidine  (data  obtained 
in  our  laboratory). 


As  shown  in  Figures  2A  and  3A,  one  compound  produces  various  signals,  with 
each  signal  belonging  to  a  determined  m/z  ratio;  every  single  signal  reflects  a 
distinct  state  of  (de)protonation  of  the  biomolecule.  The  combination  of  the  ob¬ 
served  m/z  ratios  allows  the  extraction  of  a  single  molecular  weight  from  the  spec- 
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tram;  a  result  of  the  software  deconvolution  of  the  spectra  shown  in  2A  and  3A  is 
given  in  Figures  2B  and  3B,  respectively.  The  multiple  charging  of  large  bio¬ 
molecules  provides  ions  with  low  m/z  ratio,  typically  up  to  2000  Da,  and  allows  the 
use  of  most  types  of  mass  analyser  system. 

ES  MS  requires  sample  dissolution  in  a  suitable  solvent.  Mixtures  of  water  and  an 
organic  modifier,  typically  methanol  or  acetonitrile,  are  commonly  used.  This 
solvent  is  often  modified  by  the  addition  of  acid  (<1%  v:v),  typically  formic  or 
trifluoroacetic  acid,  to  improve  (de)protonation.  The  acid  additive  provides  a 
proton  donor  or  acceptor  and  suppresses  the  undesired  formation  of  alkali  metal 
adduct  ions.  The  use  of  solvent  implies  that  ES  MS  can  be  used  for  on-line  detec¬ 
tion  with  LC  or  CE.  Interfacing  technology  for  LC-ES  MS  is  commercially  avail¬ 
able,  whereas  interfacing  of  CE  and  ES  MS  is  often  also  performed  through  labo¬ 
ratory-made  constructions  (see  for  example  [34]).  The  use  of  solvent  also  implies 
that  whole  cells  are  not  amenable  to  ES  MS.  Instead,  ES  MS  is  typically  applied  in 
the  analysis  of  mixtures  of  cell  components,  e.g.  lipids,  or  of  cell  lysates.  Due  to 
the  spray  technology,  ES  MS  is  not  very  tolerant  to  salt;  in  addition  to  undesirable 
alkali  adduct  ion  formation,  salts  may  clog  the  spray  capillary.  Therefore,  desalina¬ 
tion  of  samples  by  (micro)dialysis  or  ion  exchange  is  often  required;  here,  microdi¬ 
alysis  has  the  advantage  of  on-line  operation  (see  for  example  [35,  36]).  Although 
some  sample  preparation  is  generally  required,  the  on-line  capabilities  of  ES  MS 
have  even  been  applied  to  in  vivo  analysis  (see  for  example  [37]). 

1.3.2  Matrix-assisted  laser  desorption/ionisation 
Although  early  experiments  with  LDI  were  already  reported  in  the  late  1970’s, 
suitable  technology  and  matrix  chemistry,  applied  in  MALDI,  were  first  developed 
by  the  group  of  Hillenkamp,  a  decade  later  [38,  39].  In  typical  MALDI  experi¬ 
ments,  ions  are  generated  by  photon  bombardment  of  a  sample  applied  on  a  target 
(see  Figure  4).  To  this  end,  most  MALDI  mass  spectrometers  are  equipped  with  a 
pulsed  ultraviolet  laser  (UV,  typically:  N2  laser,  337  nm  wavelength,  20  Hz 
pulsed),  although  infrared  (IR)  lasers  may  also  be  used  (typically:  Er-YAG, 

2.94  pm;  see  for  example  [40]).  In  addition,  the  mass  separation  system  in  MALDI 
mass  spectrometers  is  generally  of  the  time-of-flight  (TOF)  type,  for  reasons  ex¬ 
plained  below. 
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Figure  4.  Schematic  representation  of  a  MALDI TOF  mass  spectrometer;  L  =  laser, 

F  =  fibre  optics,  0  =  optics,  B  =  laser  beam,  S  =  sample  spot,  A  =  acceler¬ 
ating  grids,  V  =  vacuum  chamber. 

The  processes  by  which  MALDI  generates  ions  are  still  not  fully  understood.  It  is 
known  that  the  mixing  of  a  sample  with  an  excess  of  a  solid  organic  chemical,  the 
matrix,  is  required  for  successful  ionisation.  This  matrix-sample  mixture  is  made  to 
form  a  crystalline  precipitate,  through  various  possible  methods  of  preparation 
[41].  The  matrix  is  thought  to  absorb  most  of  the  photon  energy,  converting  the 
mixture  locally  into  a  plume  of  vaporised  material.  Ions  are  thought  to  be  formed  in 
this  vapour,  generally  by  proton  transfer  from  matrix  to  analyte  (positive  ions)  or 
from  analyte  to  matrix  (negative  ions).  In  addition,  the  dried  matrix-sample  prepa¬ 
ration  is  inhomogeneous,  and  it  has  been  shown  that  best  ion  formation  occurs 
from  particular  spots  in  the  preparation  [42,  43].  Although  it  is  known  that  specific 
analytes  require  the  use  of  selected  matrices,  matrix  selection  remains  empirical. 
When  applying  UV  MALDI,  proteins  are  often  successfully  ionised  with  a-cyano- 
4-hydroxycinnamic  acid  [44]  or  sinapinic  acid  [45],  whereas  DNA  is  better  ionised 
with  3-hydroxy -picolinic  acid  [46],  Furthermore,  the  laser  power  is  known  to  be  of 
crucial  influence:  a  lower  threshold  value  for  ion  formation  is  generally  observed 
and  significant  ion  formation  occurs  only  within  a  limited  window  of  the  laser 
power  range.  A  full  review  of  findings  is  beyond  the  scope  of  this  review,  but  it  is 
clear  that  many  experimental  parameters  are  determined  empirically  or  drawn  from 
the  quickly  expanding  amount  of  literature  on  MALDI. 
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Figure  5:  MALDI  mass  spectrum  o/'Staphylococcus  aureus  enterotoxin  B  (SEB),  showing  singly  and  doubly 

protonated  molecule  signals;  the  inset  shows  an  enlargement  of  the  [M+H]+  region,  displaying 
matrix  adduct  signals  above  the  molecular  mass  of  SEB  (data  obtained  in  our  laboratory). 

MALDI  mass  spectra  are  mostly  obtained  by  positive  ion  detection,  because  nega¬ 
tive  ion  formation  is  often  relatively  inefficient;  only  DNA  and  other  acidic  com¬ 
pounds  typically  form  negative  ions  more  efficiently.  Although  spectra  obtained 
with  different  instruments,  or  even  under  different  ionisation  conditions,  are  rarely 
identical,  spectra  of  biomolecules  have  some  common  features.  As  shown  in 
Figure  5,  spectra  typically  show  singly  protonated  molecules,  [M+H]+,  whereas 
multiply  protonated  species,  [M+nH]n+,  and  cluster  ions,  [nM+H]+,  may  some¬ 
times  be  present.  The  single  protonation  of  biomolecules  provides  ions  with  high 
m/z  ratio,  sometimes  well  over  106  Da.  As  a  consequence,  a  TOF  mass  analyser  is 
generally  used  with  MALDI,  because  it  (in  principle)  has  an  indefinitely  large  mass 
range.  Although  low  molecular  mass  biomolecules  may  be  mass  analysed  with 
other  types  of  analyser  system,  the  low  mass  range  of  the  TOF  analyser  (i.e.  below 
~30  kDa)  provides  excellent  capabilities  through  the  use  of  a  reflectron  (in  the 
analyser  system  [47]),  and  of  ‘delayed  ion  extraction’  (in  the  ion  source;  [48,  49]). 
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Thus,  MALDI  ionisation  and  TOF  mass  separation  form  a  most  widely  used  com¬ 
bination.  MALDI  mass  spectra  typically  lack  fragment  ion  signals,  because  the 
desorption/ionisation  process  imparts  negligible  internal  energy  on  the  analyte 
molecules  and,  thus,  prevents  in-source  fragmentation.  Nevertheless,  spontaneous 
(‘metastable’)  fragmentation  of  initially  formed  ions  occurs  during  ion  flight  and  is 
a  source  of  signal  broadening  in  TOF  MS,  particularly  notorious  with  oligonucleo¬ 
tides.  In  contrast,  fragmentation  can  be  induced  by  specifically  selected  ionisation 
conditions;  for  example,  it  was  observed  that  oligonucleotides  fragment  extensively 
with  266  nm  but  not  with  337  nm  laser  wavelength  [50].  Given  the  low  tendencies 
for  multiple  (de)protonation  and  fragmentation,  MALDI  mass  spectra  of  pure 
compounds  are  generally  simple. 

MALDI  MS  requires  deposition  of  material  on  a  target  and  mixing  with  a  suitable 
matrix  compound.  The  sample  volume  applied  on-target  is  typically  less  than  one 
microlitre,  containing  less  than  one  picomole  of  the  analyte.  Common  sample 
targets  are  stainless  steel,  but  more  exotic  materials  can  also  be  used  as  they  are 
particularly  useful  in  the  combination  of  MALDI  and  other  analytical  methods,  e.g. 
with  surface  plasmon  resonance  (SPR;  [51,  52])  or  with  polyacrylamide  gel  elec¬ 
trophoresis  (PAGE;  [53,  54,  55]).  Alternatively,  the  application  of  polymeric 
coatings  to  sample  targets  can  be  used  to  improve  MALDI  performance  (see  for 
example  [56,  57]).  Sample  application  can  be  performed  straightforwardly  by  the 
‘dried  drop’  method  [38],  but  more  elaborate  methods  are  generally  required  to 
obtain  low  detection  limits  and  good  mass  resolution  (see  for  example.  [41]). 
Sample  preparation  can  also  be  performed  on  the  target;  for  example,  desalination 
with  ion  exchange  resin  is  widely  applied.  The  fact  that  only  a  fraction  of  the 
applied  analyte  is  consumed  by  MALDI  opens  up  the  possibility  for  further  ex¬ 
periments,  for  example:  MALDI  remeasurement  after  on-target  enzymatic  digest 
(see  for  example  [41,  53]),  and  analysis  by  methods  like  immunochemical  detec¬ 
tion  after  protein  recovery  [58].  Another  interesting  application  of  MALDI  MS 
concerns  the  measurement  of  peptides  directly  from  single  whole  cells;  after  a  first 
demonstration  with  neurones  [59],  this  has  recently  culminated  in  a  two- 
dimensional  cell  imaging  technique  [60].  Thus,  MALDI  is  often  compatible  with 
analytical  methods  more  common  to  a  biochemical  or  biological  laboratory  than 
ES  MS. 

Of  course,  there  are  some  drawbacks  to  MALDI  as  well.  Although  the  ionisation 
method  is  more  tolerant  to  salt  than  ES,  alkali  ion  adducts  are  frequently  observed. 
In  addition,  matrix  adduct  ions  are  often  formed,  either  through  covalent  bonding 
of  the  matrix  to  the  analyte  or  as  a  non-covalent  ion-molecule  complex.  These 
adduct  ions  generally  cause  a  deteriorated  mass  resolution;  the  adduct  ion  m/z  ratio 
lies  relatively  close  to  the  analyte  ion  m/z  ratio  and  tends  to  broaden  the  signal  of 
interest.  A  further  disadvantage  is  that  liquid  separation  methods  are  necessarily 
used  in  an  off-line  mode,  which  requires  fraction  collection  with  LC  or  CE.  Meth¬ 
ods  for  on-line  coupling  of  LC  (or  CE)  and  MALDI  have  been  described,  but  a 
recent  review  [61]  shows  that  LC-  or  CE-MALDI  MS  is  still  not  a  routine  option. 
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1.3.3  Tandem  mass  spectrometry 

In  tandem  MS,  MS/MS  for  short,  two  or  more  mass  separation  steps  are  used  to 
obtain  more  detailed  information  on  signals  observed  under  plain  MS  conditions 
(MALDI  or  ES  MS).  Although  MS/MS  requires  a  more  complex  instrument  than 
plain  MS,  tandem  MS  methods  are  widely  used  for  characterisation  and  for  the 
introduction  of  extra  selectivity  in  detection.  A  full  discussion  of  MS/MS  is  beyond 
the  scope  of  this  review  and  proper  reviews  can  be  found  in  the  literature  [62,  63]. 
In  view  of  the  fact  that  ES  MS  is  often  performed  on  a  quadrupole  mass  spec¬ 
trometer  and  that  MALDI  MS  is  typically  performed  on  a  TOF  instrument,  discus¬ 
sion  is  limited  to  product  ion  MS/MS. 


Scheme  2. 


A  general  scheme  of  a  product  ion  MS/MS  experiment  is  given  above.  In  ES 
quadrupole  MS,  precursor  ions  are  mass  selected  by  a  first  quadrupole  mass  sepa¬ 
ration  system  and  collided  with  a  chemically  inert  gas  in  a  collision  chamber  (‘col¬ 
lision  induced  dissociation’  or  CID).  In  MALDI  TOF  MS,  precursor  ions  are 
selected,  by  gating  a  preset  time-of-flight  window;  in  MALDI,  CID  or  spontaneous 
fragmentation  (‘metastable  dissociation’)  may  lead  to  the  observation  of  fragment 
ions.  The  gating  method  used  in  MALDI  MS/MS  is  commonly  referred  to  as  post¬ 
source  decay  (PSD).  The  high  kinetic  energy  in  TOF  (keV  range)  results  in  ‘high 
energy  collision’  spectra,  whereas  the  low  kinetic  energy  in  quadrupole  MS  (eV 
range)  results  in  Tow  collision  energy’  spectra;  both  ranges  can  produce  distinctly 
different  spectra.  However,  in  both  cases,  the  collision  energy  imparted  on  the 
mass  selected  precursor  ions  induces  fragmentation  and  allows  detection  of  frag¬ 
ment  ions.  Fragmentation  of  ions  is  not  random  and  the  fragment  ion  masses  ob¬ 
served  provide  information  on  the  structure  of  the  precursor  ions,  in  casu  on  the 
molecular  structure  of  a  compound.  Typically,  sequence  information  of  peptides 
can  be  derived  from  MS/MS  spectra  of  peptide  [M+H]+  precursor  ions.  Thus 
tandem  MS  provides  a  valuable  extension  of  MS  capabilities. 
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2  Mass  spectrometry  of  bacteria 


2.1  Analysis  of  lipids 

Lipids  are  a  class  of  compounds  which  has  been  used  for  typing  of  bacteria  since 
the  early  1960’s  [64,  65].  The  characterisation  of  bacteria  through  FAB-MS  of  the 
lipid  fraction  isolated  from  lysate  has  proven  a  successful  approach,  already  in 
1987  [6, 7].  With  the  relatively  new  tools  of  ES  and  MALDI  MS,  this  success 
should  be  continued. 

The  glycerophospholipids  from  various  bacteria  were  investigated,  without  prior 
separation,  by  negative  ion  ES  MS  [66].  Low  energy  CID  MS/MS  product  ion 
spectra  of  [M-H]'  ions  generated  from  pure,  isomeric  compounds  (i.e.  isobaric) 
were  studied  for  their  specific  fragmentation.  The  main  MS/MS  signals  resulted 
from  the  fatty  acid  acyl  groups,  R-CO2',  with  intensity  differences  between  acyl 
ions  from  the  1-,  and  the  2-substituent  of  the  glycerol  lipid  backbone.  Isobaric  acyl 
groups,  e.g.  17:1  and  \lcyc  fatty  acids,  could  not  be  distinguished.  However,  with 
the  partial  identification  of  the  two  acyl  substituents,  the  MW  contribution  of  the 
polar  head  group  could  easily  be  derived,  thus  allowing  classification  of  the  phos¬ 
pholipids.  If  necessary,  this  classification  was  confirmed  through  the  presence  of 
low  intensity,  diagnostic  fragment  ions.  The  findings  with  pure  compounds  were 
applied  to  the  analysis  of  chloroform/methanol  extracts  from  Bacillus  spp. ,  B. 
licheniformis,  B.  stearothermophilus,  B.  thuringiensis,  and  from  Escherichia  coli. 
Spectral  patterns  of  selected  precursor  ions  (from  single  MS)  and  product  ions 
(from  MS/MS)  from  these  extracts  were  shown  to  differ  significantly  among  the 
various  species,  thus  allowing  identification.  The  authors  note  that  characterisation 
through  fatty  acid  composition  of  the  lipid  fraction  can  only  be  used  when  bacteria 
have  been  cultured  under  standard  conditions. 

Various  phospholipids  were  identified  in  E.  coli  lipid  extracts,  by  infusion  negative 
ion  ES  MS  [67].  The  phospholipids  were  readily  identified  by  their  MW  and,  in 
addition,  it  was  shown  that  in-source  fragmentation,  induced  at  elevated  cone 
voltages,  can  be  used  to  obtain  fragments  indicative  of  the  fatty  acid  moieties.  The 
authors  indicate  that  full  lipid  identification  can  be  achieved  with  less  than  150  jig 
(dry  weight)  of  material,  with  the  analysis  accomplished  in  less  than  five  minutes. 
It  is  concluded  that  all  bacteria  typing  by  lipid  analysis,  formerly  done  with  FAB 
MS,  can  now  be  done  less  elaborately  with  ES  MS. 

Lipid  A  obtained  after  acid  hydrolysis  of  LPS  from  Enterobacter  agglomerans  and 
Salmonella  minnesota  was  characterised  by  positive  and  negative  ion  ES  MS,  in 
the  context  of  a  more  general  investigation  on  bacterial  endotoxin  degradation  [68, 
69].  Positive  ion  detection  of  sodium  adduct  ions  of  Lipid  A  was  only  successful 
after  dephosphorylation,  whereas  negative  ion  detection  could  be  used  with  the 
intact  Lipid  A  and  with  basic  or  acid  hydrolysis  products.  This  proved  that  basic 
hydrolysis  is  much  more  effective  in  removing  fatty  acyl  chains  from  Lipid  A  and. 
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therefore,  in  lowering  the  endotoxin  level  [69].  Lipid  A  of  both  species  investi¬ 
gated,  obtained  from  LPS  by  mild  acid  hydrolysis,  shows  some  similarities  in  the 
(flow  injection)  ES  MS  spectrum,  but  species  distinction  can  be  made  through 
diphosphoryl  Lipid  A  (absent  in  S.  minnesota  samples).  This  finding  is  corrobo¬ 
rated  by  a  detailed  study  on  Lipid  A  from  Rhodobacter  sphaeroides,  which  shows 
that  MALDI  MS  and  MS/MS  can  be  used  to  characterise  the  Lipid  A  sugar  moiety, 
degree  of  phosphorylation  and  substituent  fatty  acids  [70]. 

The  effect  of  various  disinfection  procedures  on  the  lipid  extracts  from  E.  coli  and 
B.  cereus  was  investigated  by  flow  injection  ES  MS  [71],  in  a  preliminary  study  of 
verification  possibilities  to  strengthen  the  Biological  and  Toxin  Weapons  Conven¬ 
tion  of  1972  [72].  Methanol/chloroform  extracts  from  E.  coli  and  B.  cereus  were 
obtained  after  treatment  of  the  bacteria  with  ethanol,  hypochlorite  or  heat  and  from 
untreated  bacteria.  The  study  does  not  allow  conclusions  on  the  real-world  charac¬ 
terisation  of  bacteria  from  their  disinfection  debris,  because  the  bacteria  originated 
from  one  starter  culture  per  species.  Nevertheless,  the  spectra  obtained  from  the 
various  lipid  fractions  showed  only  minor  differences,  and  even  allowed  identifi¬ 
cation  of  specific  lipids.  Although  the  study  was  limited  to  two  species  (one  gram¬ 
positive  and  one  gram-negative),  this  demonstrates  that  characterisation  of  bacteria 
from  disinfected  sites  might  generally  be  possible  through  MS  of  the  lipid  fraction. 
Thus,  the  use  of  on-line  capillary  electrophoresis  (CE)  or  micro-column  liquid 
chromatography  (p-LC)  and  ES  MS  allow  detailed  investigations  of  bacterial 
lipids.  In  contrast,  no  MALDI  studies  of  bacterial  lipids  have  appeared,  as  yet. 
Probably,  the  complexity  of  the  lipid  mixtures  obtained  from  cells  requires  separa¬ 
tion  prior  to  MS;  therefore,  on-line  interfaces  for  CE-ES  MS  and  p-LC-ES  MS 
give  ES  a  decisive  advantage  over  MALDI. 

Nevertheless,  the  separation  step  can  be  discarded,  as  was  demonstrated  in  an 
investigation  of  the  glycerophospholipids  of  selected  strains  of  Bacillus  spp. ,  B. 
anthracis,  B.  cereus,  B.  thuringiensis  and  B.  subtilis,  by  negative  ion  ES  MS  and 
ES  MS/MS  of  crude  lipid  extracts  [73].  The  fatty  acid  substitution  pattern  of  a 
variety  of  glycerophospholipids  observed  in  ES  MS  spectra  was  determined  by  in¬ 
source  fragmentation  and  by  product  ion  MS/MS  experiments  on  the  [M-H]~  ions 
and  used  for  bacteria  typing.  It  was  shown  that  the  Bacillus  spp.  investigated  could 
be  distinguished  by  the  fatty  acid  distribution  in  the  glycerophospholipids;  this  is 
illustrated  in  Figure  6,  which  shows  the  fatty  acid  distribution  in  MS/MS  spectra 
obtained  from  negative  ions  of  glycerophospholipids  with  an  MW  of  694  Da. 
Lipids,  particularly  dimyceroserates,  have  also  been  detected  in  the  whole  bacteria 
positive  ion  mass  spectra  of  Mycobacterium  smegmatis  ([74];  see  below). 


Relative  Intensity  (%) 
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Figure  6:  Partial  negative  ES product  ion  MS/MS  spectrum  of  B.  subtilis  (top)  and  B. 

anthracis  (bottom)  glycerophospholipids  with  a  molecular  weight  of 694  Da, 
showing  the  fatty  acid  distribution  [73];  note  that,  despite  the  single  selected 
mass  (two  fatty  acids  summing  up  to  C30.  0),  the  B.  anthracis  spectrum  repre¬ 
sents  at  least  three  different  glycerophospholipids,  and  that  fragment  ion  in¬ 
tensity  does  not  quantitatively  reflect  the  exact  fatty  acid  composition  (e.g, 

Cl  3:0  and  Cl  7:0  are  not  of  equal  intensity,  although  they  must  come  from 
the  same  C30:0  type  precursor  molecules). 


2.2  Analysis  of  lipopolysaccharides  (LPS)  and  -oligosaccharides 
(LOS) 

LPS  and  LOS  are  the  subject  of  various  studies,  mainly  because  these  outer  cell 
membrane  components  from  gram-negative  bacteria  carry  important  antigenic 
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determinants.  Factors  affecting  bacterial  pathology  can  be  identified,  because  the 
presence  or  absence  of  particular  moieties  is  known  to  determine  antigenic  struc¬ 
ture  and  host-guest  interaction.  Mixtures  of  LPS  and  LOS  can  be  obtained  by 
simple  procedures,  typically  extraction,  washing  and  removal  of  fatty  acid  residues 
(O-deacylation,  generally  by  hydrazinolysis),  but  more  elaborate  procedures  have 
also  been  used.  The  resultant  products  have  been  investigated  by  both  MALDI  MS 
and  ES  MS,  with  or  without  prior  LC  or  CE  separation. 

LOS  from  selected  strains  of  Haemophilus  influenzae ,  H.  ducreyi,  Neisseria  gonor- 
rhoeae,  N.  meningitidis  and  Salmonella  typhimurium  were  studied  by  flow- 
injection  ES  MS  of  crude,  O-deacylated  mixtures  [75].  Careful  identification  of  the 
LOS  species  in  the  mixture  of  each  strain,  with  use  of  prior  knowledge  of  LOS 
structure,  allows  a  distinction  of  the  species  studied.  Specific  conclusions  on  the 
antigenic  structure  and  virulence  were  drawn  by  signalling  the  presence  or  absence 
of  specific  moieties  in  the  LOS,  e.g.  phosphoethanolamine  and  N-acetylneuraminic 
acid  (‘sialic  acid’).  This  is  illustrated  in  Figure  7,  which  shows  a  partial  negative 
ion  ES  mass  spectrum  of  O-deacylated  LOS  from  H.  ducreyi',  the  mass  difference 
between  the  related  components  B  (triply  charged,  m/z  902.9)  and  E  (triply 
charged,  m/z  999.8)  proves  the  hitherto  unexpected  sialic  acid  content  of  compo¬ 
nent  E  (sialic  acid  residue  mass:  291.3  Da).  The  authors  conclude  that  LOS  are 
much  more  heterogeneous  than  expected  form  studies  hitherto  and  that  the  detailed 
information  obtained  from  ES  MS  spectra  provides  important  insight  into  biosyn¬ 
thetic  pathways  of  LOS. 


Figure  7:  Partial  negative  ion  ES  mass  spectrum  of  O-deacylated  LOS  from  H.  ducreyi, 

showing  signals  of  variably  substituted  Lipid  A  [75];  structure  is  given  of  one 
compound  only,  whereas  other  compounds  are  identified  in  the  original  ref¬ 
erence. 

In  a  follow-up  study,  LOS  from  H.  influenzae,  H.  ducreyi  and  S.  typhimurium  were 
O-deacylated  and  subjected  to  positive  and  negative  ion  MALDI  MS  and  PSD 
[76].  Here,  the  deacylation  step  was  explicitly  used  to  make  the  crude  compounds 
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amenable  to  MALDI,  by  improved  miscibility  with  the  matrix.  The  deacylated 
LOS  appear  as  a  variety  of  glycoforms,  and  typical  spectra  also  show  oligosaccha¬ 
ride  and  Lipid  A  fragment  ion  signals  resulting  from  in  source  decay.  It  was  dem¬ 
onstrated  that  PSD  of  the  [M-H]-  ions  of  selected  glycoforms  is  extremely  useful  in 
further  structure  elucidation  of  LOS.  In  addition,  it  was  shown  that  the  methods 
developed  could  also  be  applied  to  a  crude  LOS  extract  (i.e.  not  deacylated). 

A  more  elaborate  approach  was  applied  in  the  analysis  and  characterisation  of  LPS 
from  an  H.  influenzae  (strain  Eagan,  serotype  b)  clinical  isolate  by  CE-ES  MS  [77]. 
LPS  were  liberated  from  the  cell  wall  of  small  quantities  of  the  pathogen  (0.2  mg 
dried  cell  mass)  by  proteinase  K  digest  of  whole  cell  solutions,  subsequent  treat¬ 
ment  with  DNase  and  RNase  and  O-deacylation.  An  on-line  preconcentration  step 
was  used  to  achieve  detection  of  the  small  quantities  of  LPS  obtained,  and  com¬ 
pounds  were  detected  as  their  negatively  charged  ions.  The  hydrophobic  Lipid  A 
part  of  the  LPS  provided  the  reversed  phase  affinity  required  for  preconcentration 
from  aqueous  solution.  Elution  profiles,  i.e.  mass  vs.  retention  time  graphs,  were 
used  to  achieve  a  broad  characterisation  of  the  specific  LPS  fractions  by  MW  and 
charge. 

Methylglucose  LPS  of  M.  smegmatis  have  been  studied  by  negative  ion  CE-ES  MS 
(and  positive  and  negative  ion  LSIMS).  These  compounds  are  held  responsible  for 
alternative  biosynthesis  of  mycolic  acids  which  are  known  hydrophobic  cell  wall 
components  involved  in  antibiotic  resistance  [78].  The  methylglucose  LPS  was 
characterised  and  evidence  for  non-covalent  complex  formation  between  methyl¬ 
glucose  LPS  and  palmitoyl-CoA,  vital  to  the  alternative  biosynthesis  of  mycolic 
acids,  was  obtained  by  ES  MS  of  mixtures  of  the  two  components.  The  appearance 
of  the  particular  methylglucose  LPS  can  be  used  for  mycobacteria  characterisation 
in  general. 

It  was  noted  [76,  77]  that  structure  variation  in  LOS/LPS  during  bacterial  growth, 
which  is  generally  attributed  to  a  response  to  external  stimuli,  would  make  these 
compounds  less  suitable  for  characterisation  purposes.  However,  certain  features  of 
LOS/LPS  are  commonly  used  in  serological  typing  and,  therefore,  chemical  analy¬ 
sis  of  these  compounds  can  provide  a  bridge  between  biological  and  chemical 
typing.  In  addition,  MS  investigation  of  LOS/LPS  provides  useful  means  for 
studying  bacteria  from  clinical  sources,  thus  providing  valuable  insight  into  rela¬ 
tions  between  structure  alterations  in  bacterial  LPS  and  pathology. 


2.3  Analysis  of  proteins 

The  analysis  of  isolated  whole  proteins  and  their  enzymatic  digests  by  mass  spec¬ 
trometry  is  now  becoming  a  matter  of  routine.  In  principle,  isolated  single  proteins 
from  bacteria  can  be  used  for  characterisation,  provided  that  the  protein  is  suffi¬ 
ciently  specific  for  a  genus  or  strain  (see  for  example  [79]  concerning  Clostridium 
thermosaccharolyticum).  However,  characterisation  without  isolation  of  one  spe¬ 
cific  protein  is  less  elaborate,  more  general  and,  therefore,  much  more  attractive. 
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The  protein  fraction  of  bacteria  has  been  used  for  MALDI  MS  characterisation 
purposes  by  various  research  groups.  In  all  cases,  a  simple  clean-up  procedure  was 
used  to  isolate  the  protein  fraction  from  cell  lysates,  before  MS  analysis.  The 
omission  of  separation  methods  in  the  MALDI  MS  analysis  of  complex  protein 
mixtures  is  in  marked  contrast  to  the  ES  MS  analysis  of  complex  lipid  mixtures.  So 
far,  the  on-line  separation  capabilities  with  ES  MS  have  only  scarcely  been  applied 
in  bacteria  characterisation  from  bacterial  protein  fractions.  It  is  noted  that  lysates 
of  whole  bacteria,  which  are  generally  assumed  to  consist  of  proteins,  have  been 
analysed  by  MALDI  MS  as  well  as  by  ES  MS;  however,  lysate  analysis  is  dis¬ 
cussed  separately  {vide  infra).  Nevertheless,  MALDI  MS  of  protein  fractions 
already  provides  useful  information  for  bacteria  typing. 

Cell  lysis  by  sonification  and  subsequent  solvent  precipitation  (or  ultrafiltration) 
was  used  to  obtain  a  crude  water-soluble  protein  extract  from  several  Bacillus  and 
Pseudomonas  spp.  and  other,  gram-negative  bacteria  [80].  After  addition  of  matrix, 
and  with  use  of  a  polymer  or  a  stainless  steel  target,  MALDI  mass  spectra  were 
obtained  displaying  protein  profiles  of  cultured  bacteria.  A  comparison  with  so¬ 
dium  dodecyl  sulphate  -  PAGE  (SDS-PAGE)  showed  that  the  MALDI  MS  signals 
did  not  extend  beyond  15  kDa,  despite  the  presence  of  higher  MW  proteins.  In 
contrast,  the  separation  capabilities  of  PAGE  were  poor  below  15  kDa.  The  dis¬ 
crepancy  between  the  findings  with  PAGE  and  MALDI  MS  was  attributed  to  the 
difference  in  sample  preparation.  Despite  the  apparently  limited  scope  of  protein 
profiles  below  15  kDa,  the  information  allowed  distinction  at  the  levels  of  genus 
and  species.  Interestingly,  an  artificial  mixture  of  three  bacteria  produced  a  spec¬ 
trum  which  is  almost  a  superposition  of  the  three  spectra  of  the  single-component 
bacteria.  The  authors  note  that  reproducibility,  speed  and  sensitivity  of  analysis  are 
major  advantages  of  MALDI  MS  over  SDS-PAGE. 

After  this  initial  study,  the  characterisation  method  was  extended  with  a  capillary 
micro-LC  separation  between  cell  lysis  and  MALDI  MS  analysis  [81].  The  LC 
fractions  obtained  after  gradient  elution  were  mixed  with  matrix  solution  and 
deposited  on  a  MALDI  plate  or  on  nitrocellulose  substrate;  the  substrate  reportedly 
improves  ion  yields  [82].  The  intermediate  separation  was  used  to  prevent  suppres¬ 
sion  effects  typically  observed  in  desorption  ionisation  of  mixtures.  Indeed,  the 
fractionated  protein  mixtures  revealed  more  components  than  simple  MALDI  MS. 
In  addition  to  species  specific  proteins,  genus  specific  proteins  were  found  in 
comparable  LC  fractions  of  Pseudomonas  species.  However,  similar  genus  specific 
signals  were  not  found  for  Bacillus  spp.,  although  species  specific  signals  were 
observed;  in  this  off-line  LC  MALDI  MS  procedure  Bacillus  spp.  displayed  a 
larger  degree  of  heterogeneity.  Despite  the  LC  separation,  high  mass  proteins 
observed  with  SDS-PAGE  were  not  recovered,  because  the  Cis  micro-LC  column 
used  is  not  suited  for  the  elution  of  large  proteins.  However,  the  additional  dimen¬ 
sion  of  off-line  separation  greatly  improves  the  distinction  of  the  bacteria  studied. 
MALDI  MS  analysis  was  performed  with  the  protein  fraction  of  cell  lysates,  ob¬ 
tained  from  whole  bacteria  in  a  simple  30-minute  procedure,  or  with  the  tryptic 
digest  of  this  fraction  [83,  84].  Chemical  lysis  was  found  insufficient  for  gram- 
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positive  bacteria,  because  of  more  robust  cell  wall  structures,  and  sonification  was 
used  for  adequate  lysis.  The  authors  preferred  external  mass  scale  calibration, 
because  it  was  noted  that  internal  calibrants  suppressed  relevant  sample  signals. 
Although  SDS-PAGE  established  that  proteins  with  an  MW  of  up  to  160  kDa  were 
present  in  the  extracts,  only  compounds  with  an  MW  below  20  kDa  were  observed 
by  MALDI  MS  (under  the  experimental  conditions  used).  Although  these  findings 
are  in  line  with  the  above-mentioned  observations  of  Cain  et  al.  [80],  the  discrep¬ 
ancy  between  PAGE  and  MALDI  MS  is  attributed  to  suppression  effects  in  ionisa¬ 
tion  rather  than  to  sample  preparation.  As  in  the  aforementioned  work  [80],  the 
mass  range  below  20  kDa  yielded  sufficiently  distinct  spectra  for  characterisation 
of  various  Bacillus  spp.  and  distinction  of  these  species  from  other  pathogenic 
bacteria  ( Brucella  melitensis.  Yersinia  pestis,  Francisella  tularensis).  It  was  even 
shown  that  particular  marker  signals  could  uniquely  be  found  for  B.  anthracis 
grown  on  different  media;  however,  the  intensity  of  these  marker  signals  varied 
considerably,  as  shown  in  Figure  8.  Marker  signals  obtained  from  the  tryptic  di¬ 
gests  of  protein  fractions  were  used  for  confirmation.  This  work  showed  that  char¬ 
acterisation  of  bacteria  can  be  based  on  the  analysis  of  crude  samples,  obtained 
after  simple  sample  preparation. 


Figure  8:  Positive  ion  MALDI  mass  spectrum  of protein  extracts  from  chemically  lysed 

B.  anthracis  steme  cells,  grown  in  casein  acid  digest  medium  (top)  or  in 
leighton  doi  medium  (bottom);  from  reference  [83]. 

As  concerns  the  MALDI  MS  detection  of  high  mass  proteins  (up  to  500  kDa)  in 
bacteria  lysates,  it  was  shown  that  sample  preparation  is  a  critical  factor  [85].  With 
a  more  elaborate  sample  preparation,  involving  repeated  steps  for  extraction  and 
solubilization  of  large  proteins,  high  mass  proteins  could  be  observed.  This  was 
demonstrated  with  E.  coli  in  a  study  of  the  proteins  induced  and  suppressed  by  L- 
arabinose  catabolism.  Extraction  and  solubilization  of  the  large  proteins  was  en- 
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hanced  by  using  a  combination  of  Triton  buffer  and  guanidine-HCl,  whereas  the 
sensitivity  of  detection  of  MALDI  MS  was  enhanced  by  the  application  of  a  nitro¬ 
cellulose  film,  prior  to  sample  and  matrix  deposition.  Proteins  in  the  mass  range  of 
20  to  120  kDa  have  a  high  abundance  in  the  samples  and  they  are  readily  observed; 
most  MWs  allow  assignment  of  the  MALDI  spectral  peaks  to  proteins  known  from 
the  E.  coli  genome.  Thus,  the  detection  of  high  mass  proteins  allowed  investigation 
of  environmentally  induced  changes  in  gene  expression  of  bacteria. 

A  study  on  MALDI  monitoring  of  recombinant  protein  expression  in  E.  coli 
showed  that  small  signals  of  the  protein  of  interest  could  be  obtained  from  whole 
bacteria,  after  on-target  disruption  of  cell  membranes  with  1,1, 1,3,3, 3-hexafluoro- 
isopropanol  [86].  In  contrast,  MALDI  analysis  of  untreated  bacteria,  of  methanol- 
water-treated  bacteria,  or  of  bacteria  lysates  did  not  produce  significant  signals  for 
the  desired  recombinant  protein.  A  positive  MALDI  MS  screening  result  was 
followed  by  purification  of  the  recombinant  protein  and  confirmatory  analysis  by 
MALDI  MS.  The  difficulties  experienced  in  this  screening  of  a  single  protein  in  a 
complex  mixture  demonstrate  that  suppression  effects  in  the  ionisation  play  an,  as 
yet,  unpredictable  role  and  that  such  selectivity  severely  restricts  conclusions  with 
respect  to  (relative)  quantities  of  the  various  components. 

The  utility  of  MALDI  MS  for  monitoring  recombinant  protein  expression  was 
further  explored  in  a  broader  study  with  recombinant  E.  coli  [87].  For  larger  pro¬ 
teins  (>10  kDa),  the  broth  solution  was  directly  used  for  MALDI  MS  analysis,  with 
minimum,  on-target  sample  preparation.  For  smaller  proteins,  the  precipitate  from 
centrifuged  culture  was  used  for  MALDI  MS,  instead.  The  developed  procedure 
effectively  limited  total  analysis  time  to  ten  minutes,  thus  allowing  monitoring  of 
the  time  dependency  of  expression.  This  time  dependency  was  quantified  by  com¬ 
parison  of  the  signal  intensity  of  a  recombinant  protein  (e.g.  Mwaverage 
~6000  Da)  with  that  of  a  native  E.  coli  protein  (e.g.  rpL29;  MWav  7273.5).  Nota¬ 
bly,  the  excess  of  recombinant  proteins,  present  after  induced  expression,  com¬ 
pletely  suppresses  MALDI  MS  signals  of  naturally  occurring  proteins  of  E.  coli. 
MALDI  MS  (with  delayed  extraction)  shows  the  presence  of  target  proteins  and 
closely  related  compounds,  e.g.  methionine  attached  protein.  All  proteins  studied 
(~5  -  ~50  kDa)  were  successfully  monitored  by  MALDI  MS,  with  the  considerable 
advantage  of  mass  resolution  and  speed  over  SDS-PAGE. 

The  influence  of  variations  in  some  experimental  parameters  on  the  reproducibility 
of  MALDI  mass  spectra  was  investigated  systematically  for  crude  protein  extracts 
of  E.  coli  and  B.  thuringiensis  [88],  The  ‘sandwich  method’  of  MALDI  sample 
deposition  was  consistently  used,  while  studying  the  extraction  solvent  composi¬ 
tion,  extract  salt  content,  sample  solvent  and  protein  extraction  method.  In  addition, 
the  analyses  were  performed  in  two  laboratories  and  by  different  operators,  thus 
giving  some  indication  of  interlaboratory  variations.  All  parameters  investigated 
were  found  to  be  important  to  the  extent  that  spectra  could  be  completely  altered  by 
using,  for  example,  different  extraction  methods  or  pH.  Nevertheless,  persistent 
peaks  could  be  observed  under  the  various  conditions  (with  the  limited  choice  of 
bacteria)  and  these  peaks  should  ideally  be  used  as  biomarkers  for  bacteria  charac¬ 
terisation.  The  interlaboratory  variations  were  in  the  order  of  the  inter-operator 
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variations,  which  finding  suggests  that  the  methods  used  are  broadly  applicable 
provided  that  extraction  and  sample  preparation  procedures  are  the  same. 

Solvent  and  matrix  combinations  for  the  MALDI  MS  analysis  of  crude  protein 
mixtures,  extracted  from  E.  coli,  were  used  to  establish  optimum  experimental 
conditions  for  bacteria  typing  through  protein  fractions  [89].  From  a  cross¬ 
combination  of  five  extraction  solvents  and  four  matrices  it  was  found  that  extrac¬ 
tion  is  best  performed  with  an  isopropanol:water:formic  acid  mixture  and  that  2-(4- 
hydroxyphenylazo)benzoic  acid  performs  best  as  a  matrix.  The  authors  note  that 
spectrum  quality,  as  judged  from  the  width  of  the  diagnostic  mass  range  and  from 
the  number  of  diagnostic  ions  generated,  is  largely  determined  by  the  matrix- 
solvent  system,  i.e.  by  MALDI  sample  preparation,  whereas  reproducibility  of 
spectra  depends  largely  on  bacteria  sample  handling  techniques. 

A  broad  selection  (2-100  kDa)  of  proteins  from  the  whole  E.  coli  proteome,  ob¬ 
tained  from  dialysed  lysates,  was  studied  by  CE,  in  the  isoelectric  focusing  mode, 
and  on-line  ES  MS  with  a  high  mass  resolution  Fourier  transform  ion  cyclotron 
resonance  (FT-ICR)  instrument  [90].  Between  400  and  1000  proteins  were  found  in 
the  electropherogram.  Special  automation  software  was  used  for  the  tentative 
identification  of  compounds  from  the  dataset.  The  mass  spectral  patterns  observed 
were  enhanced  by  using  lysates  from  bacteria  grown  on  isotopically  depleted 
media;  this  facilitated  better  pattern  recognition  in  the  protein  charge  state  enve¬ 
lopes.  The  culturing  in  isotopically  depleted  media  prohibits  general  use  for  bacte¬ 
ria  typing,  but  it  offers  good  means  for  the  identification  of  specific  proteins  from  a 
whole  proteome;  once  the  specific  proteins  have  been  identified,  the  CE-MS  meas¬ 
urement  of  bacteria  lysates  from  bacteria  grown  in  ‘isotopically  natural’  media,  for 
typing  purposes,  becomes  feasible.  It  is  clear  that  this  ES  MS-based  method  has  the 
possibility  of  very  detailed  fingerprinting. 


2.4  Analysis  of  DNA 

Analysis  of  DNA  can  be  used  for  identification  purposes  and  for  investigating 
particular  conditions  of  bacteria,  e.g.  phage  infection  or  plasmid  presence  [65,  91]. 
Sensitive  detection,  even  of  DNA  from  a  single  cell,  is  generally  achieved  by  using 
PCR  amplification  and  appropriate  detection  methods.  PCR  with  simple  detection 
methods,  e.g.  colouring  reactions,  can  be  used  routinely  for  the  characterisation  of 
bacteria  (e.g.  [92]).  In  the  detection  of  PCR  products,  ES  [31]  and  MALDI  MS  [93] 
provide  more  specific  determination  of  oligonucleotide  MW  than  other  methods. 
With  both  MS  methods,  DNA  is  generally  detected  by  its  negative  ions,  i.e.  in  the 
singly  or  multiply  deprotonated  form.  Various  research  groups  have  recently  re¬ 
ported  on  the  analysis  of  bacterial  DNA  and  on  PCR  with  subsequent  MS  analysis 
for  the  characterisation  of  bacteria. 

Plasmid  DNA  has  been  analysed  by  restriction  enzyme  digest  and  subsequent 
MALDI  MS  [56].  The  4658  base  pair,  double  stranded  B6BLEU5  plasmid,  was 
digested  by  Alu  I  or  Hae  III  restriction  enzymes  (~15  pmol  per  digest).  The  per¬ 
formance  of  MALDI  was  enhanced  by  the  application  of  a  substrate  coating 
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(Nafion)  to  the  sample  probe  surface.  Twenty-seven  fragments,  from  22  up  to  267 
nucleotides,  were  observed  in  both  digest  mixtures,  as  ionised  single  stranded  DNA 
(ss-DNA).  The  observed  fragments  were  in  agreement  with  those  expected  from 
the  plasmid  sequence,  but  the  low  mass  (<20  nt)  and  high  mass  (>70  nt)  fragments 
were  not  observed  at  all.  Nevertheless,  the  fragments  identified  show  that  plasmid 
identification  is  a  feasible  option. 

An  Msp  I  restriction  enzyme  digest  of  the  E.  coli  pBR322  cloning  vector  was 
analysed  by  MALDI  MS  [94],  The  use  of  a  nitrocellulose  substrate  for  sample 
application  greatly  improved  MALDI  performance.  This  allowed  detection  of  all 
26  DNA  fragments  from  9  to  622  nucleotides  (as  the  ionised  ss-DNA),  although 
limited  mass  resolution  reduced  the  number  of  peaks  observed  to  21  (five  peak 
overlap).  The  use  of  a  substrate  was  found  to  improve  the  reproducibility  of  spec¬ 
tra,  although  the  high  mass  ion  signals  could  not  always  be  observed  with  sufficient 
signal-to-noise  ratio  for  unambiguous  characterisation.  The  results  of  this  explora¬ 
tory  investigation  show  that  MALDI  MS  provides  interesting  possibilities  for 
recombinant  DNA  research. 

The  first  report  on  combined  PCR  and  MS  of  bacterial  DNA  concerned  the  ES  MS 
analysis  of  double-stranded  105  base  pair  PCR  products  obtained  from  the  ribo- 
somal  spacer  region  in  B.  thuringiensis  and  B.  cereus  [95].  In  a  wider  study,  by  the 
same  group,  ES  MS  was  used  to  determine  the  mass  of  the  PCR  amplification 
product  of  a  specific  region  of  the  genome  of  various  Bacillus  spp.  [96].  Adequate 
experiments  could  only  be  conducted  after  removal  of  components  of  the  PCR 
mixture,  by  means  of  various  clean-up  methods  and  subsequent  microdialysis. 
Desalting  was  found  crucial  for  successful  use  of  ES  MS,  and  further  improve¬ 
ments  in  mass  spectral  quality  were  obtained  by  applying  solvent  additives  in  the 
spray.  The  FT-ICR  mass  spectrometer  allowed  accurate  mass  measurements  of  105 
base  pair  ds-DNA,  for  the  distinction  of  B.  thuringiensis  from  B.  cereus  [95],  of  89 
and  114  base  pair  ds-DNA,  for  the  distinction  of  B.  subtilis  from  B.  thuringiensis, 

B.  anthracis  and  B.  cereus  (PCR  products  from  the  latter  three  species  should  be 
identical;  [96])  and  of  unexpectedly  variable  PCR  products  from  B.  cereus  [97]. 
With  the  solvent  compositions  used,  the  ds-DNA  PCR  products  appear  in  the 
spectrum  as  two  charge  state  envelopes  from  two  (complementary)  single  DNA 
strands;  a  typical  example  is  given  in  Figure  9.  The  method  was  optimised  to  give  a 
total  time  of  20  min  between  PCR  and  a  completed  MS  analysis. 
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Figure  9:  ES-FTJCR  mass  spectra  of  PCR  products  produced  from  B.  cereus  strain 

6464,  showing  charge  states  18-  to  27-  of  ds-DNA  (top),  with  the  inset  dis¬ 
playing  three  ds-DNA  products  (1  nt  difference  in  length,  88/88,  88/89  and 
89/89),  and  charge  states  18-  to  23-  of  ss-DNA  (bottom),  with  the  inset  dis¬ 
playing  the  presence  of  four  strings  (88  noncoding,  88N,  and  coding,  88C, 

89  noncoding,  89N,  and  coding,  89C);from  reference  [97]. 

PCR  with  MALDI  MS  detection  of  reaction  products  was  applied  to  identify 
Legionella  species,  in  general,  and  L.  pneumophila,  in  particular  [98].  PCR  was 
conducted  using  materials  similar  to  those  from  a  commercially  available  kit,  but 
without  the  biotin  labelling  required  for  the  colouring  reaction  used  in  dot-blot 
detection.  PCR  focuses  on  a  108  base  pair  region  common  to  all  species  from 
genus  Legionella  and  a  168  base  pair  region  particular  to  L.  pneumophila.  Ampli¬ 
fied  products  from  both  sequences  could  be  detected  by  MALDI  MS,  but  only  after 
thorough  removal  of  the  excess  of  unreacted  primers  and  other  low  MW  impurities, 
e.g.  by  the  use  of  size  exclusion  microcolumn  centrifugation. 

The  same  research  group  followed  a  similar  but  more  extensive  approach  in  the 
study  of  the  effectivity  of  bioremediation,  in  this  case:  decontamination  of  soil  by 
methanotrophic  bacteria  [99],  Specific,  56  and  99  base  pair  regions  from  the  Meth- 
ylosinus  trichosporum  and  Methylomicrobium  albus  genome  were  amplified  by  the 
PCR,  using  purpose-designed  primers.  The  reaction  product  DNA  was  purified 
over  column  cartridges  before  MALDI  MS  determination  of  its  MW.  Only  a  small 
fraction  (1-2  pi)  from  a  single  PCR  mixture  (100  pi)  was  required  with  the  experi¬ 
mental  conditions  used,  thus  allowing  other  experiments  with  the  same  sample.  In 
principle,  the  whole  PCR  sample  could  have  been  preconcentrated  to  gain  sensitiv¬ 
ity  in  the  overall  analysis.  The  signal  observed  from  the  56  nucleotide  fragment, 
resolved  under  carefully  selected  conditions,  shows  that  there  is  some  heterogene¬ 
ity  in  the  PCR  products,  attributed  to  primers  with  inosine  bases.  Even  without  this 
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mass  resolution,  with  the  99  bp  gene  region,  the  selectivity  of  the  combination  of 
PCR  and  MALDI  MS  allows  clear  establishment  of  the  absence  or  presence  of  the 
bacteria  investigated.  The  authors  note  that  the  ruggedness  of  PCR  and  MALDI 
MS  should  be  tested  for  more  general  application  in  the  characterisation  of  bacte¬ 
ria.  Nevertheless,  the  observed  sensitivity  of  MALDI  MS  approaches  that  of  hy¬ 
bridisation  or  electrophoretic  assay,  thus  making  PCR  and  MALDI  MS  an  attrac¬ 
tive,  fast  and  automatable  option  for  screening  purposes. 

In  general,  applications  of  combined  PCR  and  MS  are  concerned  with  much 
smaller  oligonucleotides  (typically  larger  than  100  bp)  than  PCR  with  subsequent 
PAGE  (typically  larger  than  300  bp).  Although  the  compatibility  of  liquid-based 
PCR  and  PAGE  is  better  than  that  of  PCR  and  gas-phase  orientated  MS,  and  al¬ 
though  commonly  used  32P  radiolabel  detection  is  generally  more  sensitive  than 
MS,  MS  does  have  several  advantages  over  PAGE.  MW  determination  by  MS  is 
absolute  and  the  measured  value  has  an  error  of  less  than  0.01%  (1  Da  in  10,000; 
10,000  Da  is  the  approximate  MW  of  an  ssDNA  of  30  nucleotides);  with  specific 
MS  methods,  e.g.  ES  MS  with  an  FT-ICR  instrument,  the  error  may  be  as  low  as 
0.001%  [96].  In  contrast,  typical  MW  errors  with  PAGE  are  in  the  order  of  2-3%, 
not  even  considering  artefacts  of  electrophoresis.  Furthermore,  PAGE  is  not  appli¬ 
cable  in  the  lower  mass  range  (<  ~10  kDa),  whereas  MALDI  with  TOF  MS  in 
principle  covers  the  whole  mass  range.  The  MS  accuracy  implies  that  point  muta¬ 
tions,  i.e.  single  base  substitutions,  are  easily  distinguished  directly  (e.g.  [100]),  or 
after  hybridisation  with  peptide  nucleic  acid  probes  [101].  A  further  advantage, 
particularly  when  using  PCR  and  MALDI  MS,  lies  in  the  possibility  of  applying 
additional  conventional  chemistry  to  the  same  sample.  For  example,  ladder  se¬ 
quencing  by  Edman  degradation  (e.g.  [102])  and  restriction  enzyme  digest  (e.g. 
[94])  have  been  successfully  applied  for  detailed  investigations.  Thus,  as  concerns 
the  characterisation  of  bacteria,  the  major  limitation  lies  in  the  non-generic  nature 
of  PCR:  its  application  requires  prior  knowledge  of  a  relevant  and  distinct  DNA 
sequence. 


2.5  Analysis  of  other  specific  compounds 

Besides  lipids,  proteins  and  DNA,  not  many  other  compounds  have  been  used  for 
the  characterisation  of  bacteria.  This  is  mainly  due  to  the  fact  that  other  compounds 
have  a  relatively  low  abundance  in  bacteria,  their  lysates  or  cultures.  Characterisa¬ 
tion  through  secondary  metabolites  is  only  rarely  applied,  because  useful,  specific 
secondary  metabolites  are  not  often  known. 

Various  cyanobacteria  have  been  identified  by  MALDI  MS  of  a  suspension  of 
some  micrograms  of  lyophilised  bacteria  in  matrix  solution  [103].  From  micro¬ 
scopic  investigation  of  the  MALDI  target,  the  authors  conclude  that  suspension  in  a 
matrix  effectively  extracts  the  secondary  metabolites  from  the  bacteria,  through  the 
apparently  permeabilised  cell  membrane.  In  general,  the  cyclic  peptide  metabolites 
of  the  various  subspecies,  with  MWs  below  1500  Da,  are  very  useful  for  typing, 
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because  they  have  been  widely  investigated  by  mass  spectrometry  (see  for  example 
[104,  105])  and  produce  a  high  response  in  MALDI.  It  was  demonstrated  [103, 

106]  that,  despite  the  extensive  studies  of  cyanobacterial  peptide  metabolites, 
hitherto  unknown  peptides  could  easily  be  identified  and  sequenced  by  MS/MS 
(PSD),  without  purification  of  the  sample  material.  These  findings  facilitate  dis¬ 
tinction  of  toxic  and  non-toxic  algal  blooms  in  a  few  minutes. 

Extracts  of  toxic  phytoplankton  and  supernatant  seawater  were  used  for  the  LC-ES 
MS  analysis  of  pectenotoxins  (PTXs)  from  Dynophisis  fortii  and  D.  acuminata 

[107] ,  The  bacteria  were  identified  in  seawater,  before  chemical  analysis,  by  mi¬ 
croscopy.  Solid  phase  extraction,  with  a  C18  cartridge,  was  used  as  a  means  of 
concentration  and  sample  clean-up.  Positive  ion  spectra  clearly  show  the  PTX-2,  a 
diarrhoeic  shellfish  toxin;  the  signals  were  used  for  quantification  of  the  toxin  per 
unit  cell  density  (typically  180  pg/cell  with  D.  fortii).  It  was  also  shown  that  the 
related  PTX-6  was  not  directly  excreted  by  D.  fortii,  but  was  formed  in  infected 
scallops  ( Patinopecten  yessoensis).  A  similar  approach  was  used  for  the  analysis  of 
ciguatoxins  and  brevetoxin,  from  Gambiediscus  toxicus,  in  crude  fish  extracts 

[108] .  These  ES  MS-based  methods  should  be  applicable  in  a  more  general  ap¬ 
proach,  but  further  studies  are  required  to  see  if  toxin  distributions  can  be  used  for 
characterisation  of  bacteria. 

Secondary  metabolites,  particularly  the  lipopeptides  surfactin,  fengycin,  iturin, 
mycosubtilin  and  bacillomycin,  were  used  for  typing  of  B.  subtilis  strains  (b213, 
JH642/168,  and  ATCC  9943,  13952,  6633  and  21332)  from  whole  bacteria  [109]. 
Some  low-mass  markers  are  common  to  all  investigated  strains,  whereas  strain 
differentiation  is  possible  from  signals  in  the  950  to  1600  mass  range.  Slight  differ¬ 
ences  arise  between  cultures  from  petri  dishes  or  from  liquid  fermentation,  but  the 
lipopeptide  patterns  allow  a  clear  strain  distinction.  The  structure  of  some  of  the 
lipopeptides  was  verified  by  MS/MS  experiments  (PSD)  with  sodium  adduct 
precursor  ions.  In  addition,  some  hitherto  unidentified  compounds  were  further 
investigated  by  MS/MS  and  partially  identified  as  poly-glutamate  derivatives.  The 
authors  note  that  signals  of  these  derivatives  have  been  reported  for  some  Staphy¬ 
lococcus  spp.  [110]  (see  below)  and  may  be  specific  to  gram-positive  bacteria.  The 
bacteria  were  studied  in  more  detail  by  culturing  on  three  different  media  and 
subsequent  measurements  of  isolated  of  subcellular  fractions  (intact  cells,  lysed 
protoplasts,  periplasm  and  cytosol).  The  lipopeptides  appeared  in  all  cellular  com¬ 
partments,  whereas  other,  unidentified  compounds  (MWs  up  to  4000  Da)  appeared 
in  distinct  locations.  The  poly-glutamate  compounds  were  found  exclusively  in  the 
membrane  fraction,  in  support  of  earlier  reports  of  (7-glutamate  compounds  in 
Bacillus  spp.  membranes.  Differences  in  compound  profiles,  observed  for  the  three 
culture  media,  were  used  to  test  the  consistency  of  specific  marker  compounds. 

This  study  pioneers  the  MALDI  MS  investigation  of  regulation  of  secondary 
metabolites  and  demonstrates  the  feasibility  of  localising  compounds  in  subcellular 
fractions  by  MS. 

Flow  injection  ES  MS  and  ES  MS/MS  was  used  to  distinguish  a  wide  variety  of 
gram-negative  and  gram-positive  bacteria  (including  B.  anthracis)  from  fungi 
through  the  detection  of  muramic  acid  in  crude  cell  lysates  [111].  With  the  same 
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objective,  the  compound  has  also  recently  been  analysed  in  dust  [112].  Muramic 
acid  is  an  amino  sugar  that  is  exclusively  found  in  eubacteria  (but  not  in  all  eubac- 
teria)  and  that  can  be  liberated  from  the  cell  wall  peptidoglycan  by  simple  acid 
hydrolysis.  Neutralisation  of  the  hydrolysate,  addition  of  an  internal  standard  and 
MS/MS  detection  allowed  quantitation  of  the  muramic  acid  content  of  bacteria  and 
unequivocal  distinction  of  bacteria  and  fungi.  The  authors  suggest  that,  by  analogy, 
other  amino  sugars  may  be  used  for  chemotaxonomic  characterisation  of  various 
bacteria,  e.g.  quinovosamine  and  fucosamine  for  Legionellaceae  and  galactosamine 
for  the  distinction  of  B.  anthracis  and  B.  cereus.  With  the  results  obtained  so  far, 

ES  MS/MS  detection  of  these  compounds  is  less  sensitive  by  several  orders  of 
magnitude  than  the  more  elaborate  GC-MS  and  GC-MS/MS  detection  [111]. 
Peptidoglycan  of  Staphylococcus  aureus  was  studied  by  MALDI  MS  and  MS/MS 
(PSD)  after  degradation  by  muramidase;  the  resulting  oligomeric  glycopeptides 
(muropeptides)  were  used  for  typing  of  the  peptidoglycan  and  investigation  of 
structural  changes  after  methicillin  resistance  [113].  A  similar  study,  more  detailed 
and  with  biological  activity  testing,  was  reported  for  the  peptidoglycan  of  Strepto¬ 
coccus  sanguis  [114].  Amino  acid  substitution  of  the  oligomeric  backbone  struc¬ 
ture  could  easily  be  detected  by  negative  ion  PSD  of  monomeric  muropeptide  [M- 
H]-  ions.  An  S.  aureus  specific  protease,  lysostaphin,  was  used  to  elucidate  the 
branching  structure  of  muropeptide  mono-  and  oligomers  [113].  It  was  possible  to 
show  that  the  peptidoglycan  glycine  content  increased  at  the  cost  of  the  alanin 
content  when  the  methicillin-resistant  S.  aureus  strain  was  grown  in  a  glycine-rich 
medium.  Evidence  that  S.  aureus  peptidoglycan  composition  varies  with  the  com¬ 
position  of  the  growth  medium  shows  that  peptidoglycan  would  not  be  the  first 
choice  material  for  bacteria  typing.  However,  only  comparative  studies  can  show  if 
species  typing,  e.g.  of  S.  aureus  and  of  S.  sanguis,  can  be  achieved  through  their 
peptidoglycan. 


2.6  Analysis  of  whole  bacteria  and  bacteria  lysates 

Whole  bacteria  can  generally  be  analysed  by  MALDI  MS  or  ES  MS.  Obviously 
cell  lysis  is  required  for  ES  MS  procedures,  but  MALDI  MS  may  be  performed  on 
lysates  or  intact  cells.  In  both  cases,  suitable  preparations  are  commonly  obtained 
after  a  minor  sample  preparation  procedure  or  even  by  lysis  upon  addition  of 
matrix,  on  the  MALDI  target.  Most  reported  studies  in  this  field  are  concerned  with 
the  characterisation  through  positive  ion  mass  spectrum  signals  attributed  to  pro¬ 
teins  and  peptides.  A  single  study  identified  low  mass  lipopeptides  by  MALDI  MS 
of  whole  bacteria;  because  the  compounds  were  well  identified,  this  study  was 
discussed  in  the  previous  section. 

2.6.1  Electrospray  MS 

Whole  bacteria,  i.e.  their  lysates,  have  not  been  widely  investigated  by  ES  MS.  In 
fact,  the  feasibility  of  the  approach  has  been  demonstrated  in  flow-injection  ES  MS 
investigations  of  crude  fungi  extracts  [1 15,  1 16].  The  possibility  of  using  ES  MS 
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with  LC-MS  and/or  MS/MS,  rather  than  with  flow-injection,  provides  additional 
selectivity;  however,  these  modes  of  detection  have  not  been  widely  applied  to 
bacteria  typing,  yet. 

Bacteria  lysates  can  be  analysed  without  much  pre-treatment,  by  flow  injection 
microdialysis  with  on-line  ES  MS  [36].  A  dual  microdialysis  set-up,  with  a  low  and 
a  high  MW  cut-off  membrane  and  countercurrent  flow  of  the  dialysis  medium,  was 
specially  developed  for  this  type  of  analysis.  The  two  membranes  were  mounted 
before  the  conventional  ES  MS  interface  and  served  the  removal  of  both  high  MW 
interferences  and  urea  and  salt  from  the  treated  lysates.  The  on-line  dual  dialysis 
improved  spectrum  quality  and  sensitivity  to  the  extent  that  biomarker  signals  were 
clearly  observed.  In  addition,  selected  biomarker  ions  were  subjected  to  MS/MS  to 
obtain  a  multidimensional  ‘fingerprint’  of  the  biomarker  signals  and  their  MS/MS 
spectra.  A  typical  result  of  the  ES  MS  analysis  of  a  lysate  is  given  in  Figure  10. 
Despite  the  fact  that  no  particular  compounds  were  identified  from  the  product  ion 
MS/MS  spectra  obtained  from  selected  signals  of  the  ES  MS  spectrum,  spiking  of 
the  lysate  with  bradykinin  showed  that  this  target  peptide  could  be  identified 
among  the  variety  of  compounds. 


Figure  10:  Ion  trap  ES  MS  spectrum  of  an  on-line  dialysed  crude  E.  coli  extract,  show¬ 

ing  the  full  scan  spectrum  (A),  and  two  expanded  views  (B  and  C);  from  ref¬ 
erence  [36]. 

A  different  approach  was  used  in  the  characterisation  of  bacteria  from  their  centri¬ 
fuged  and  filtered  lysates  by  LC  with  ES  MS  detection  [1 17].  Biomarker  proteins 
and  peptides  were  separated  in  a  12-minute  LC  run  and  detected  by  their  charge 
state  envelope  signals.  A  chromatogram  of  biomarker  signals  was  used  to  distin- 
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guish  potential  BW  agents  (gamma  irradiated  Bacillus  spp.,  F.  tularensis,  B.  meli- 
tensis,  Y.  pestis).  Even  strains  of  B.  anthracis  could  easily  be  distinguished  by  the 
procedure  developed.  The  authors  noted  that  observed  biomarkers  were  different 
from  biomarkers  observed  in  MALDI  MS  experiments  with  the  same  bacteria  (see 
below).  Some  attention  was  devoted  to  repeatability,  sensitivity  and  mixture  analy¬ 
sis.  The  MW  attribution  of  a  selected  biomarker  protein,  determined  by  deconvo¬ 
lution  of  ES  mass  spectra,  was  shown  to  vary  over  several  days  by  ±2  Da.  This 
variation  is  not  likely  to  pose  major  problems  in  typing  of  bacteria,  because  the  LC 
retention  time  provides  additional  distinction.  Dilution  of  cell  suspensions,  prior  to 
lysis  and  analysis,  was  used  to  establish  that  spectra  obtained  from  the  centrifuged 
and  filtered  material  of  100-200  cells  still  provided  sufficient  biomarker  informa¬ 
tion  for  typing.  Mixtures  of  B.  anthracis  and  B.  melitensis  were  used  to  test  the 
experimental  procedure  with  respect  to  detection  of  the  first  species  in  a  tenfold 
excess  of  the  second.  Selected  biomarker  signals  of  B.  anthracis  could  readily  be 
distinguished  from  among  the  B.  melitensis  signals.  Although  this  study  does  not 
address  the  comparison  of  species  of  bacteria  from  different  sources,  the  general 
potential  of  LC-ES  MS  typing  of  bacteria,  even  in  mixtures,  is  clearly  demon¬ 
strated. 


2.6.2  Matrix-assisted  laser  desorption/ionisation  MS 

Single  visible  cultures  of  various  Staphylococcus  spp.,  M.  smegmatis  and  other 
bacteria  were  subjected  to  MALDI  after  direct  mixing  of  the  organisms  with  a 
matrix  [110].  The  mass  spectra,  taken  in  the  range  typical  for  peptides  (500  to 
2000  Da),  allowed  distinction  of  various  strains  of  E.  coli,  with  marked  differences 
observed  for  a  strain  carrying  an  antibiotic  resistance  conferring  plasmid.  Low 
mass  signals  (1100-1400  Da)  in  the  spectrum  of  M.  smegmatis  were  attributed  to 
specific  lipids,  dimyceroserates.  Although  the  authors  did  not  perform  confirma¬ 
tory  experiments,  the  spectra  shown  should  have  allowed  straightforward  MS/MS 
identification  of  these  compounds.  The  demonstrated  MALDI  characterisation  of  a 
mycobacterium  is  of  importance;  due  to  the  relatively  long  time  required  (weeks) 
for  traditional  characterisation  of  mycobacteria,  among  others,  M.  tuberculosis. 
Similarly,  a  method  was  devised  for  the  rapid  characterisation  of  target  bacteria, 
directly  from  culture  [74].  Bacteria  were  carefully  removed  from  culture  medium, 
mixed  with  a  matrix  solution,  and  subjected  to  MALDI.  Five  species,  Enterobacter 
cloacae,  Proteus  mirabilis.  Shigella  flexneri,  E.  coli  and  Serratia  marcescens,  were 
used  for  the  production  of  reference  spectra.  The  same  species  from  different 
cultures  were  then  identified  by  comparison  with  the  reference  spectra.  Despite 
poor  mass  resolution  (300  at  m/z  around  8000)  peak  patterns  from  regrown  bacteria 
sufficiently  resembled  reference  peak  patterns  to  allow  identification.  In  addition,  it 
was  demonstrated  that  the  method  could  also  be  used  to  distinguish  between  three 
species  of  the  genus  Pseudomonas  (P.  putida,  P.  mendocina  and  P.  aeruginosa). 
Although  it  is  not  clear  from  these  results  that  the  characterisation  of  bacteria  from 
any  given  environment  can  be  performed  with  a  library  of  spectra  (or  marker 
patterns),  the  characterisation  capability  is  obvious. 
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A  similar  but  more  elaborate  study  on  direct  analysis  was  conducted  with  lyophi- 
lised  (and  y-irradiated)  pathogenic  and  non-pathogenic  bacteria:  again,  bacteria 
samples  were  subjected  to  MALDI,  immediately  after  redissolution  and  MALDI 
sample  preparation  [118].  The  spectral  marker  patterns  observed  were  attributed  to 
proteins,  although  further  characterisation  of  compounds  was  not  performed.  The 
experiments  show  that  selective  and  reproducible  marker  patterns  can  be  obtained 
from  whole  bacteria,  even  though  the  spectra  were  acquired  at  relatively  low  reso¬ 
lution  (i.e.  without  delayed  extraction  of  reflectron).  Genus  and  species  can  be 
readily  identified  from  the  marker  pattern,  whereas  strains  can  only  sometimes  be 
distinguished.  Typical  BW  agents,  like  B.  anthracis  and  Y.  pestis,  can  readily  be 
distinguished  from  less  harmful  species,  e.g.  B.  cereus.  In  general,  vegetative  and 
sporulated  forms  of  bacteria  can  successfully  be  detected.  Moreover,  preliminary 
results  [118]  indicate  that  bacteria  can  be  detected  by  the  presence  of  spectrum 
marker  signals  despite  variations  in  growth  conditions  or  sample  preparation  con¬ 
ditions. 

The  notion  that  marker  signals  in  MALDI  MS  spectra  of  whole  bacteria  might  be 
used  for  characterisation  was  carried  one  step  further  in  a  study  of  computer  com¬ 
parison  of  spectra  from  various  Escherichia  coli  strains  [119].  Computer  compari¬ 
son  should  be  preferred  over  visual  assessment,  to  eliminate  the  subjectivity  cre¬ 
ated  by  the  margins  of  mass  assignment  and  relative  signal  intensity.  The  spectral 
mass  range  of  3.5  to  10  kDa  was  used  for  comparison  and  it  was  found  that  repro¬ 
ducible  spectra  could  only  be  obtained  by  following  an  established  protocol;  this 
unity  in  sample  treatment  is  in  agreement  with  the  findings  of  Wang  et  al.  [88], 
who  limited  their  investigations  to  protein  extracts.  Before  comparison,  spectra  had 
to  be  subjected  to  baseline  correction  and  smoothing,  to  eliminate  the  effects  of 
baseline  drift  and  signal  intensity  variations.  The  inter-  and  intra-strain  variations 
were  investigated  in  a  cross-correlation  set-up  and  using  developed  procedures  and 
various  restraints  of  the  comparison  software.  This  cross-correlation  approach 
allowed  strain  identification  from  among  25  strains. 

Whole  bacteria  MALDI  MS  of  various  strains  of  E.  coli  was  used  to  identify  the 
presence  or  absence  of  sex  factor  proteins  [120].  Although  the  complex  consists  of 
more  than  30  proteins,  only  one  indicative  signal  for  the  presence  of  the  sex  factor 
plasmid,  m/z  9743,  could  be  identified  in  the  complicated  lysate  spectra,  albeit  that 
the  structure  of  this  protein  remains  unknown.  However,  it  was  shown  that  this 
single  signal  could  be  used  to  reliably  identify  presence  and  conveyance  of  the  sex 
factor  plasmid.  The  observation  of  the  single  signal  is  indicative  of  the  selectivity 
in  ionisation;  although  this  selectivity  is  desired  for  the  study  of  a  factor,  it  is  less 
desirable  from  the  point  of  view  of  characterisation.  At  least,  this  study  shows  that 
the  single  sex  factor  protein  cannot  be  used  as  a  marker  of  E.  coli  in  general  and 
introduces  a  variable  in  mass  spectral  characterisation. 

Various  pathogenic  species  of  Haemophilus  were  investigated  by  MALDI  MS  of 
whole  bacteria  and  their  lysates,  obtained  from  patients  isolates  [121].  Whole  cells 
were  subjected  to  MALDI,  after  washing  and  centrifugation,  whereas  lysates  were 
obtained  by  additional  SDS  treatment  and  subsequent  desalting.  Spectra  from 
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whole  cells  differ  markedly  from  those  of  lysates,  with  the  signals  observed  for 
whole  cells  attributed  to  excreted  proteins.  In  the  example  spectra  of  H.  ducreyi, 
the  signals  observed  for  whole  cells  are  not  reproduced  in  spectra  of  cell  lysates; 
this  may  be  due  to  suppression  effects  in  ionisation,  but  also  to  proteolysis  in  the 
lysate.  The  authors  prefer  whole  cells  to  lysates  for  characterisation  purposes,  and 
confirm  the  general  notion  that  clear  marker  signals  are  produced.  A  notable  ad¬ 
vantage  of  MALDI  MS  over  established  biochemical  tests  is  the  possibility  of 
distinction  between  pathogenic  Haemophilus  species  and  other  pathogens  which 
often  contaminate  patients  isolates.  Specifically,  spectra  of  whole  cell  Actinoba- 
cillus  actinomycetemcomitans  and  N.  gonorrhoeae  differ  widely  from  those  of 
Haemophilus  species.  Another  interesting  aspect  is  the  consistency  of  marker 
signals  from  various  H.  ducreyi  strains,  despite  differentiation  by  plasmid  analyses. 
This  is  illustrated  in  Figure  1 1 ,  which  shows  a  comparison  of  spectra  from  H. 
ducreyi  isolates  obtained  from  patients  over  a  few  days. 
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Figure  11:  Partial  MALDI  mass  spectra  of  whole  bacteria:  H.  ducreyi  strains  35000,  HD37,  HD169,  and  HD138 

from  different  patients,  isolated  at  different  periods;  species  marker  masses  are  9356,  10390  and 
11540,  whereas  other  signals  were  strain  specific;  from  reference  [121]. 

The  plasmid  variability  produces  distinct  signals,  which  allow  strain  differentia¬ 
tion.  The  analysis  of  isolates  obtained  from  one  patient,  at  subsequent  time  inter¬ 
vals,  shows  that  MALDI  MS  even  has  potential  for  investigating  dissemination  and 
epidemiology.  The  elimination  of  subculturing  from  the  overall  diagnostic  process. 
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by  direct  MALDI  MS  analysis  of  the  primary  culture,  reduces  total  analysis  time 
for  pathogenic  Haemophilus  spp.  to  less  than  24  hours. 

In  a  similar  study,  Nilsson  investigated  pathogenic  Helicobacter  pylori  strains.  The 
various  strain  (13A,  32,  411,  412,  17874,  and  17875)  lysates  were  subjected  to 
minimal  clean-up  and  subsequent  MALDI  MS  analysis  [122].  Biomarker  signals 
for  H.  pylori  and  for  the  various  strains  were  established,  given  consistent,  re¬ 
stricted  conditions  of  culturing.  From  the  three  MALDI  matrices  used,  ferulic  acid 
(4-hydroxy-3-methoxycinnamic  acid)  gave  the  best  results  with  TFA  acidified 
lysates,  whereas  neutral  lysates  were  best  analysed  with  sinapinic  acid  (3,5- 
dimethoxy-4-hydroxycinnamic  acid)  as  the  matrix.  The  author  concludes  that,  with 
the  species-  and  strain- specific  biomarkers  generated  from  the  H.  pylori  strains 
studied,  it  is  possible  to  establish  phenotypic  drift  of  bacteria  with  unstable  ge¬ 
nomes,  cultured  from  the  same  host. 

Whole  bacteria  were  investigated  by  MALDI  MS,  with  special  attention  devoted  to 
sample  preparation  and  spectrum  reproducibility  [123].  Figure  12  presents  some 
spectra  obtained  from  various  quantities  of  E.  coli,  subjected  to  the  same  sample 
pre-treatment  procedure.  Sample  preparation  and  matrix  choice  were  found  to  be 
critical  factors  in  obtaining  reproducible  spectra.  The  authors  established  by  elec¬ 
tron  microscopy  that  repeated  buffer  washing  of  harvested  bacteria  (0.1%  trifluoro- 
acetic  acid  in  water),  subsequent  centrifugation,  and  mixing  with  the  matrix  (2,4- 
hydroxyphenylazabenzoic  acid)  did  not  lyse  the  cells.  This  supports  the  idea  that 
cell  wall  proteins  prevail  in  the  mass  spectra.  The  spectra  obtained  for  the  species 
of  bacteria  studied  differ  from  other  reported  spectra,  in  that  the  mass  range  of 
biomarker  signals  was  found  to  be  wider  (3  to  30  kDa)  than  commonly  reported. 
This  difference  might  be  due  to  the  matrix  used  and  to  the  apparent  lack  in  lysis, 
although  the  authors  did  not  elaborate  on  this  point.  In  principle,  the  larger  mass 
range  carries  more  information  and  the  biomarker  signals  observed  allowed  clear 
distinction.  With  the  well-defined  sample  preparation  method  developed,  it  was 
possible  to  obtain  reproducible  spectra  from  bacteria  quantities  of  0.5-4  mg. 
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Figure  12:  MALDI TOF  mass  spectra  of  differing  amounts  of  intact  E.  coli  cells,  after  identical  sample  pre¬ 
treatment;  from  reference  [123]. 

The  first  application  of  an  IR  laser  in  the  MALDI  MS  and  LDI  MS  analysis  of 
whole  bacteria  was  reported  [124].  Although  direct  LDI  analysis  of  whole  bacteria 
produced  useful  lipid  signals,  predominantly  from  phosphatidylethanolamines,  it 
was  found  that  the  addition  of  a  matrix  (glycerol)  with  IR-absorbing  particles 
(cobalt)  was  much  more  efficient  in  generating  lipid  signals,  also  from  phoshati- 
dylglycerols  and  dihexosyldiglycerides.  The  structure  of  the  lipids  was  further 
probed  by  product  ion  MS/MS  experiments  with  [M+K]+  and  [M-H]‘  ions;  this 
allowed  distinction  of  the  fatty  acid  moieties  of  the  lipids.  The  lipid  profiles,  thus 
obtained  from  B.  thuringiensis,  B.  sphaeroides,  Erwinia  herbicola  and  E.  coli, 
allowed  clear  distinction  of  these  species.  It  is  remarkable  that  relatively  small 
molecules  (MW  below  1  kDa)  are  obtained,  whereas  IR  MALDI  is  renowned  for 
its  capability  of  generating  ions  from  extremely  large  molecules  (MW  above 
100  kDa,  see  for  example  [40,  85]).  Nevertheless,  this  report  demonstrates  the  huge 
potential  of  IR  MALDI  MS  (and  MS/MS),  given  the  fact  that  lipid  identification  is 
a  known  valuable  tool  for  bacteria  typing  [17,  64,  65]. 

Most  recently,  the  exposure  of  bacteria  (and  viruses)  to  a  corona  plasma  discharge, 
prior  to  MALDI  analysis,  was  shown  to  produce  biomarker  signals  distinct  from 
those  obtained  from  untreated  cells  [125].  It  was  shown  that  (vegetative)  B.  subtilis 
produced  additional  high  mass  biomarker  signals  after  the  electric  treatment. 
Moreover,  B.  cereus  spores  yielded  biomarker  signals  only  after  the  electric  treat- 
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ment.  Although  the  test  set  of  bacteria  is  limited,  the  authors  note  that  the  corona 
plasma  discharge  pre-treatment  has  great  potential,  because  electroporation  must  be 
the  mechanism  behind  the  extra  yield  of  biomarkers.  Interestingly,  the  extra  bio¬ 
marker  signals  obtained  from  B.  subtilis  have  tentatively  been  assigned  to  proteins 
from  a  protein  database  [126],  known  to  be  characteristic  of  the  species. 

2.6.3  Considerations 

Although  studies  reported  so  far  are  concerned  with  a  limited  number  of  species, 
all  authors  agree  on  the  observation  of  marker  signals  in  MALDI  mass  spectra.  The 
single  comparable  study  on  LC-ES  MS  that  has  appeared  so  far  [1 17],  supports  this 
notion  of  marker  signals.  The  evidence  shows  that  such  marker  signals  are  gener¬ 
ally  genus  and  species  specific,  and  sometimes  even  strain  specific.  The  recent, 
tentative  assignment  of  MALDI  MS  biomarker  signals  to  B.  subtilis  proteins,  with 
the  help  of  a  protein  database,  provides  a  first  direct  link  of  compound  signals  and 
species  specific  proteins  [125];  this  was  recently  followed  by  a  similar  tentative 
assignment  of  E.  coli  biomarker  proteins  [127].  However,  it  is  generally  clear  from 
the  number  of  marker  signals  that  only  a  narrow  selection  of  compounds  is  effec¬ 
tively  observed.  Therefore,  the  spectra  are  not  representative  for  all  bacterial  com¬ 
pounds  from  a  species  under  study.  As  a  consequence,  possible  bias  in  marker 
signals  may  be  caused  by  the  measurement  procedure,  i.e.  sample  treatment  and 
detection,  or  by  the  growth  conditions  of  bacteria. 

Although  the  number  of  studies  addressing  the  measurement  procedure  is  still 
limited,  it  is  clear  that  there  is  some  tolerance  in  the  specific  conditions.  With 
regard  to  sample  treatment,  high  mass  biomarker  signals  could  be  equally  readily 
observed  with  lysates  treated  by  various  clean-up  methods  (see  for  example  [85]); 
there  is  no  indication  that  the  clean-up  conditions  are  critical.  Major  differences  are 
generally  observed  between  spectra  obtained  from  whole  bacteria  and  those  from 
bacteria  lysates.  Notably,  some  reports  stress  that  spectra  from  whole  bacteria  and 
from  protein  extracts  display  comparable  information  [88,  89];  these  reports  focus 
on  MALDI  MS  of  E.  coli.  On  the  basis  of  biomarker  signals,  it  is  often  suggested 
that  cell  wall  proteins  prevail  in  MS  of  whole  bacteria.  This  conjecture  is  corrobo¬ 
rated  by  the  findings  on  electroporation  before  MALDI  analysis  [125].  As  concerns 
the  MS  detection  of  biomarkers,  the  matter  is  more  complicated.  SDS  PAGE  shows 
the  presence  of  compounds  with  an  MW  well  above  that  observed  with  MALDI  in 
a  comparative  analysis  of  the  same  bacteria  lysates  (see  for  example  [81,  83]). 
Discrimination  effects  in  MALDI  are  likely  to  result  from  variation  in  the  ionisa¬ 
tion  efficiency,  which,  in  turn,  depends  on  experimental  conditions  (e.g.  laser 
wavelength,  type  of  matrix).  In  general,  MALDI  of  whole  bacteria,  bacteria  lysates 
and  protein  fractions  from  lysates  is  performed  with  a-cyano-4-hydroxy-cinnamic 
acid  as  the  matrix,  although  sinapinic  or  caffeic  acid  are  used  occasionally.  With 
the  present  state  of  knowledge,  the  influence  of  experimental  conditions  on  ionisa¬ 
tion  efficiency  in  mixtures  cannot  be  predicted  to  a  sufficient  extent  as  to  allow 
conclusions  regarding  the  presence  or  absence  of  specific  proteins  (biomarkers). 
Therefore,  the  use  of  marker  signals  for  the  distinction  of  genetically  altered  bacte¬ 
ria,  demonstrated  for  example  for  E.  coli  [120],  is  not  generally  applicable.  Some 
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evidence  has  been  presented  that  most  E.  coli  biomarker  signals,  in  whole  cell 
MALDI  MS  up  to  1 1,000  Da,  do  indeed  result  from  proteins;  a  simple  trypsin 
digest  eliminated  all  biomarker  signals  from  spectra  [127].  Apart  from  such  occa¬ 
sional  distinction,  the  marker  signals  observed  are  only  tentatively  attributed  to 
bacterial  proteins,  because  detailed  characterisation  is  only  rarely  pursued. 

The  influence  of  growth  conditions  of  bacteria  on  their  mass  spectra  has  not  been 
widely  investigated  either.  Some  attention  has  been  given  to  the  growth  medium: 
e.g.  B.  anthracis  grown  on  different  media  produced  sufficiently  similar  MALDI 
mass  spectra  to  allow  the  observation  of  identical  marker  signals,  albeit  at  a  differ¬ 
ent  intensity  [83].  Most  recently,  the  effect  of  growth  conditions  of  E.  coli  on 
biomarkers  in  MALDI  spectra  of  whole  cells  was  studied  [127].  It  was  found  that 
differences  in  growth  media,  with  cultures  followed  in  time,  result  in  considerable 
differences  in  the  marker  signals  generated  from  E.  coli,  even  to  the  extent  of 
presence  or  absence  of  particular  signals;  obviously  the  use  of  such  markers  would 
result  in  highly  unreliable  typing.  Another  complicating  factor  is  the  fact  that  the 
expression  of  proteins  can  be  altered  by  environmental  stress,  e.g.  by  hypochlorous 
acid  [128].  Although  environmental  stress  studies  did  not  yet  concern  direct  ES  or 
MALDI  MS  of  whole  bacteria  or  their  lysates,  it  demonstrates  that  the  variation  in 
protein  expression  can,  in  principle,  combine  to  significantly  alter  a  marker  signal 
spectrum.  Although  data  produced  so  far  do  not  provide  sound  evidence  for  or 
against  a  relationship  between  growth  conditions  and  biomarker  signal,  common 
sense  suggests  that  growth  conditions  determine  expression  of  proteins  (and  other 
compounds).  In  addition,  growth  medium  components  should  be  carefully  removed 
from  samples,  in  order  to  avoid  contamination  of  marker  spectra  with  growth 
medium  signals.  As  long  as  the  influence  of  growth  conditions  has  not  been  inves¬ 
tigated  in  depth  and  marker  signals  have  not  been  assigned  to  known  compounds, 
characterisation  methods  have  not  been  proven  rugged;  therefore,  marker  signals 
should  be  used  with  caution. 

Given  the  present  state  of  affairs,  two  lines  of  development  will  determine  the 
practical  use  of  ES  and  MALDI  MS  for  bacteria  characterisation.  In  one  approach, 
marker  signals  are  used  for  characterisation  by  comparison  with  a  library  of  marker 
signals.  A  library  must  be  compiled  from  spectra  of  known  bacteria  species,  ob¬ 
tained  under  comparable  experimental  conditions  (including  the  type  of  mass 
spectrometer).  Such  a  library  would  allow  fast  spectrum  comparison,  without 
further  knowledge  of  the  compounds  responsible  for  a  given  signal.  A  similar  way 
of  characterisation  has  proven  quite  successful  with  electron  ionisation  mass  spec¬ 
tra  of  organic  chemicals,  where  the  control  of  experimental  conditions  is  relatively 
easy.  In  the  other  approach,  the  compounds  responsible  for  marker  signals  must  be 
identified,  in  order  to  allow  closer  investigation  of  their  representativeness.  This 
approach  will  yield  information  for  bacteria  characterisation  less  dependent  on 
experimental  conditions,  and  it  will  also  provide  more  general  knowledge  on 
bacteria.  From  the  viewpoint  of  utility,  library  compilation  provides  a  short-term 
starting  point,  and  marker  signal  identification  provides  a  long  term  foundation  for 
characterisation. 
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3  Outlook 


Studies  published  on  ES  MS  and  MALDI  MS  of  whole  bacteria  (and  complex 
mixtures  obtained  from  them)  show  that  characterisation  of  bacteria  by  these  MS 
methods  is  feasible  and  of  practical  value.  Applications  encompass  monitoring  in 
bioremediation,  detection  and  monitoring  of  recombinant  proteins,  detection  of 
BW  agents  and  other  pathogenic  species,  virulence  assessment  and  the  study  of 
intracellular  processes.  In  these  applications,  the  use  of  MS  characterisation  pro¬ 
vides  speed  and  a  higher  accuracy  of  MW  determination  as  the  major  advantages 
over  established  methods  like  gel  electrophoresis.  The  resolution  of  compounds, 
e.g.  post-translationally  modified  proteins,  which  would  remain  unresolved  by 
established  methods  follows  as  an  additional  benefit.  The  generic  characterisation 
capability  generally  attributed  to  MS  is  somewhat  flawed  by  the  fact  that  experi¬ 
mental  conditions  strongly  influence  the  outcome;  particularly,  desalting  of  sample 
material  is  of  great  importance  in  the  development  of  reproducible  experimental 
conditions.  Although  MS  has  proved  useful  in  the  field  of  micro-organism  charac¬ 
terisation,  much  effort  will  still  have  to  be  devoted  to  the  development  of  methods 
for  the  typing  and  detection  of  pathogens  in  real-world  situations. 

From  a  research  point  of  perspective,  experience  with  ES  and  MALDI  MS  typing 
of  bacteria,  so  far,  does  not  allow  a  definite  choice  for  the  exclusive  use  of  one  of 
these  methods.  Analysis  of  whole  cells  can  only  be  achieved  by  MALDI  MS,  but 
the  analysis  of  cell  lysates  and  of  selected  classes  of  compounds,  both  by  MALDI 
and  ES  MS,  provides  equivalent  information.  Moreover,  both  methods  allow  the 
introduction  of  additional  selectivity  by  combination  with  specific  (but  generally 
different)  separation  methods  or  with  MS/MS  capabilities.  As  concerns  bacteria 
typing  through  analyses  of  proteins  or  DNA,  either  method  can  be  used  to  produce 
equally  useful  information.  As  concerns  the  analysis  of  lipids  and  exotoxins,  the 
on-line  separation  attainable  with  ES  MS  gives  some  advantages  over  MALDI  MS; 
however,  MALDI  MS  investigation  of  lipids  and  exotoxins  has  not  been  attempted 
sufficiently  to  discard  the  method  altogether.  Conversely,  investigation  of  oligo¬ 
saccharides  (LOS,  LPS)  is  most  often  performed  by  MALDI  MS,  but  the  fact  that 
ES  MS  of  these  compounds  is  rarely  reported  gives  no  sound  reason  for  discarding 
ES  MS.  With  the  present  state  of  technology  and  knowledge,  ES  MS  and  MALDI 
MS  are  complementary  research  tools. 

Further  extension  of  capabilities  is  to  be  expected  from  the  combination  of  solid 
phase  (SP)  trapping  and  mass  spectrometry.  This  kind  of  trapping  may  be  based  on 
hydrophobic/hydrophilic  interaction  or  on  immunoaffinity.  The  potential  of  hydro- 
phobic  SP  trapping  with  MALDI  MS  analysis  was  recently  demonstrated  when  a 
Cl  8  self  assembled  monolayer  was  put  on  a  MALDI  target  [129];  this  allowed 
extraction  and  desalting  of  various  biopolymer  molecules.  SP  immunoaffinity 
(SPIA)  has  been  demonstrated  a  feasible  approach  for  peptide  and  protein  trapping 
by  antibodies  on  a  MALDI  target,  and  subsequent  MS  analysis  (see  for  example 
[130,  131]).  Interfacing  of  SP  and  SPIA  trapping  with  LC  and  ES  MS  could  be 
performed  for  compounds  like  lipids,  peptides  and  proteins,  in  analogy  to  routine, 
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on-line  pesticides  trapping  and  preconcentration  column  technology  developed  for 
water  analysis  [132],  The  SP  and  SPIA  approach  seem  amenable  to  the  characteri¬ 
sation  of  bacteria  or  selected  compounds  from  bacteria  lysates  or  even  to  whole 
bacteria.  Although  the  specificity  of  SPIA  trapping  seems  somewhat  contradictory 
to  the  generic  detection  provided  by  MS,  the  notorious  cross-reactivity  of  trapping 
systems  is  adequately  complemented  by  the  specificity  of  MW  determination.  This 
complementarity  is  effectively  demonstrated  by  a  recent  report  on  rather  indis¬ 
criminate  bacteria  trapping,  with  the  help  of  immobilised  lectins,  and  subsequent 
washing  and  MALDI  MS  analysis  [133];  this  approach  was  used  to  isolate  E.  coli 
from  spiked  urine  and  detect  bacteria  at  levels  down  to  5000  cells  (on  target),  after 
a  two-hour  adsorption  time.  This  initial  work  shows  that  solid  phase  trapping  offers 
easy  purification  and  preconcentration  with  a  sensitivity  of  detection  equal  to  or 
better  than  that  for  pure  bacteria  preparations.  In  the  near  future,  SP  and  SPIA 
trapping  will  provide  means  for  simple  sample  pre-treatment  in  the  analysis  of 
complex  mixtures  and  for  the  characterisation  of  specific  bacteria. 

Alternatively,  immunoaffinity  itself  may  be  investigated  through  the  application  of 
MS.  Recent  work,  concerning  MS  of  non-covalently  bound  complexes,  has  re¬ 
vealed  potential  for  epitope  mapping  [134,  135]  and  binding  studies,  e.g.  in  bacte¬ 
rial  cell  wall  binding  to  antibiotics  [136].  Thus,  MS  will  become  part  of  efforts 
directed  towards  the  design  of  new  vaccines,  antibiotics  and  other  medicine. 

As  an  alternative  to  solid  phase  adsorption  methods,  some  improvement  in  MALDI 
MS  of  whole  bacteria  might  also  be  attainable  by  the  use  of  sample  deposition 
methods  developed  for  single  mammalian  cell  lysates.  The  use  of  ‘microspotting’ 
in  picolitre  volumes,  for  example,  enabled  the  detection  of  attomole  quantities  of 
haemoglobin  from  one  lysed  human  erythrocyte  [137].  It  remains  to  be  demon¬ 
strated,  however,  if  similar  analysis  of  single  bacteria  is  possible. 

The  further  development  of  PCR  technology  will  make  the  combined  application 
of  PCR  and  MS  more  attractive.  Particularly,  the  advent  of  flow-through  reactor 
systems  opens  up  the  possibility  of  on-line  detection  by  nano-ES  MS.  Such  PCR 
reactor  systems  have  recently  proven  feasible,  e.g.  on  a  chip  with  differential 
resistive  heating  [138]  or  with  IR  heating  of  selected  zones  [139].  Although  MS 
may  be  favourable  for  research  purpose  detection  with  PCR,  the  relatively  easy 
application  of  DNA  hybridisation  with  subsequent  fluorescence  detection  is  more 
broadly  applicable,  e.g.  in  screening,  and  less  expensive.  Hence,  field  applications 
of  PCR  will  probably  not  use  MS  detection,  but  MS  could  play  a  role  in  cases 
where  unequivocal  identification,  by  multiple  methods,  is  required. 

The  development  of  rugged,  easy-to-operate  IR  lasers  is  likely  to  enhance  the 
capabilities  of  MALDI.  Some  studies  have  shown  that  IR  MALDI  performs  better 
in  ionisation  of  high  MW  molecules  than  UV  MALDI  (e.g.  [140,  141,  142]),  but 
the  first  application  of  IR  lasers  in  MALDI  MS  of  bacteria  concerns  low  MW  lipids 
[124].  Despite  these  promising  developments,  most  applications  so  far  use  UV 
MALDI,  because  UV  laser  technology  is  more  easily  accessible.  Future  develop¬ 
ments  in  laser  technology  will  open  further  possibilities  for  MS  of  micro¬ 
organisms. 
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The  development  of  on-line  LC  MALDI  MS  methods  is  still  in  an  experimental 
stage  and  on-line  CE  MALDI  MS  has  not  even  been  demonstrated  feasible  yet 
[61].  Poor  mass  resolution  and  poor  sensitivity,  as  compared  to  ‘static’  MALDI, 
are  still  major  issues  in  interfacing  LC  and  MALDI.  Although  the  analysis  of 
complex  mixtures,  e.g.  from  micro-organisms,  by  MALDI  MS  would  be  served  by 
on-line  coupling,  the  need  for  LC  or  CE  separation  can  be  often  sufficiently  cov¬ 
ered  by  off-line  deposition  or,  alternatively,  by  PAGE  (e.g.  [53,  143])  or  TLC  (e.g. 
[144]). 

A  further  noteworthy  development  is  the  advent  of  real-time  aerosol  analysis  by 
laser  MS,  which  has  the  potential  of  detection  of  micro-organisms  in  the  field. 
Several  research  groups  have  demonstrated  that  real-time  laser  MS  analysis  of 
organic  aerosols  is  possible  (e.g.  [145,  146,  147,  148]),  with  one  group  using  a 
mixture  of  Gramicidin  S  and  a  matrix  for  successful  trials  [149].  In  addition,  work 
on  the  miniaturisation  of  TOF  mass  spectrometers  is  in  progress,  e.g.  in  the  group 
of  Cotter  [150].  In  the  near  future,  further  efforts  will  show  if  micro-organisms  are 
amenable  to  this  method. 
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Annex  A 

List  of  abbreviations 

API 

atmospheric  pressure  ionisation 

bp 

base  pair(s) 

BW 

biological  warfare 

CE 

capillary  electrophoresis 

CID 

collision  induced  dissociation 

DNA 

deoxyribonucleic  acid 

ds-DNA 

double  stranded  DNA 

ES 

electrospray 

FAB 

fast  atom  bombardment 

FT-ICR 

Fourier  transform  -  ion  cyclotron  resonance 

GC 

gas  chromatography 

IR 

infrared 

LC 

liquid  chromatography 

LDI 

laser  desorption/ionisation 

LOD 

limit  of  detection 

LOS 

lipooligosaccharides 

LPS 

lipopolysaccharides 

LSIMS 

liquid  secondary  ion  mass  spectrometry 

MALDI 

matrix-assisted  LDI 

MS 

mass  spectrometry 

MW 

molecular  weight 

MWav 

average  molecular  weight 

nt 

nucleotide 

PAGE 

polyacrylamide  gel  electrophoresis 

PCR 

polymerase  chain  reaction 

PD 

plasma  desorption 

PSD 

post-source  decay 

PTX 

pecteno  toxin 

ss-DNA 

single  stranded  DNA 

SDS 

sodium  dodecyl  sulfate 

SP 

solid  phase 

SPIA 

solid  phase  immuno  affinity 

SPR 

surface  plasmon  resonance 

TOF 

time-of-flight 

UV 

ultraviolet 
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Annex  B  Overview  of  bacteria  typing  by  ES  MS  and 
MALDI  MS 


Table  1:  Overview  of  bacteria  typing  by  ES  MS  and  MALDI  MS. 


Organism 

Approach 

Reference 

Bacillus  anthracis 

protein  MALDI  MS 

[83] 

genome  PCR,  ES  MS 

[95] 

whole  cell  MALDI  MS 

[118] 

Bacillus  cereus 

lipid  ES  MS 

[71] 

whole  cell  MALDI  MS 

[118,  125] 

genome  PCR,  ES  MS 

[95,  97] 

protein  MALDI  MS 

[80,  81,83] 

Bacillus  licheniformis 

lipid  ES  MS 

[66] 

Bacillus  megaterium 

protein  MALDI  MS 

[80,  81] 

Bacillus  subtilis 

protein  MALDI  MS 

[80,  81,  83] 

genome  PCR,  ES  MS 

[95] 

whole  cell  MALDI  MS 

[118, 123,  125] 

whole  cell/lipopeptide  MALDI  MS 

[109] 

Bacillus  sphaeroides 

whole  cell/lipid  MALDI  MS 

[124] 

Bacillus  stearothermophilus 

lipid  ES  MS 

[66] 

Bacillus  thuringiensis 

lipid  ES  MS 

[66] 

protein  MALDI  MS 

[83,  88] 

genome  PCR,  ES  MS 

[95] 

whole  cell  MALDI  MS 

[118] 

whole  cell/lipid  MALDI  MS 

[124] 

Brucella  melitensis 

protein  MALDI  MS 

[83] 

whole  cell  MALDI  MS 

[118] 

Dinophysis  acuminata 

exotoxin  ES  MS 

[107] 

Dinophysis  fortii 

exotoxin  ES  MS 

[107] 

Enterobacter  aerogenes 

protein  MALDI  MS 

[80] 

Enterobacter  agglomerans 

lipid  ES  MS 

[68,  69] 

Enterobacter  cloacae 

whole  cell  MALDI  MS 

[74] 

Escherichia  coli 

protein  MALDI  MS 

[80,  81,85,86,  87,  88,  90] 

lipid  ES  MS 

[66,  67,  71] 

plasmid  PCR,  MALDI  MS 

[94] 

whole  cell  MALDI  MS 

[74, 110,  119, 120, 123, 

125] 

whole  cell  lysate  ES  MS 

[36] 

whole  cell/lipid  MALDI  MS 

[124] 

Francisella  tularensis 

protein  MALDI  MS 

[83] 

Francisella  tularensis 

whole  cell  MALDI  MS 

[118] 

Haemophilus  aphrophilus 

whole  cell  MALDI  MS 

[121] 

Haemophilus  ducreyi 

LOS  ES  MS 

[75,  76] 

whole  cell  MALDI  MS 

[121] 

Haemophilus  influenzae 

LOS  ES  MS 

[75,  76,  77] 

whole  cell  MALDI  MS 

[121] 
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Table  1:  Continued. 


Organism 

Approach 

Reference 

Haemophilus  parainfluen- 
zae 

whole  cell  MALDI  MS 

[121] 

Neisseria  gonorrhoeae 

LOS  ES  MS 

[75] 

whole  cell  MALDI  MS 

[121] 

Neisseria  meningitidis 

LOS  ES  MS 

[75] 

Pseudomonas  aeruginosa 

protein  MALDI  MS 

[80,  81] 

whole  cell  MALDI  MS 

[74] 

Pseudomonas  fluorescens 

protein  MALDI  MS 

[80,  81] 

Pseudomonas  mendocina 

whole  cell  MALDI  MS 

[74] 

Pseudomonas  putida 

whole  cell  MALDI  MS 

[74] 

Pseudomonas  sp.  KC 

protein  MALDI  MS 

[80] 

Salmonella  minnesota 

lipid  ES  MS 

[68,  69] 

Salmonella  typhimurium 

LOS  ES  MS 

[75,  76] 

whole  cell  MALDI  MS 

[123] 

Staphylococcus  aureus 

whole  cell  MALDI  MS 

[110, 123] 

peptidoglycan  MALDI  MS 

[113] 

Staphylococcus  epidermi- 
dis 

whole  cell  MALDI  MS 

[110] 

Staphylococcus  sapro- 
phyticus 

whole  cell  MALDI  MS 

[110] 

Yersinia  pestis 

protein  MALDI  MS 

[83] 

whole  cell  MALDI  MS 

[118] 

Actinobacillus 

actinomycetemcomitans 

whole  cell  MALDI  MS 

[121] 

Alcaligenes  faecalis 

protein  MALDI  MS 

[80] 

Anabaena  sp.90 

whole  cell/exotoxin  MALDI  MS 

[103] 

Citrobacter  treundii 

whole  cell  MALDI  MS 

[110] 

Erwinia  herbicola 

whole  cell/lipid  MALDI  MS 

[124] 

Helicobacter  pylori 

whole  cell  lysate  MALDI  MS 

[122] 

Klebsiella  aerogenes 

whole  cell  MALDI  MS 

[110,  123] 

Legionella  spp. 

genome  PCR,  MALDI  MS 

[98] 

Legionella  pneumophila 

genome  PCR,  MALDI  MS 

[98] 

Methylosinus  trichosporum 

genome  PCR,  MALDI  MS 

[99] 

Methylomicrobium  albus 

genome  PCR,  MALDI  MS 

[99] 

Microcystis  aeruginosa 

whole  cell/exotoxin  MALDI  MS 

[103, 106] 

Mycobacterium  smegmatis 

whole  cell  MALDI  MS 

[110] 

Planktothrix  agardhii 

whole  cell/exotoxin  MALDI  MS 

[106] 

Proteus  mirabilis 

whole  cell  MALDI  MS 

[74] 

Rhodobacter  sphaeroides 

lipid  MALDI  MS 

[70] 

Serratia  marcescens 

whole  cell  MALDI  MS 

[74] 

Shigella  flexneri 

whole  cell  MALDI  MS 

[74] 

Streptococcus  sanguis 

peptidoglycan  MALDI  MS 

[114] 
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